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ABSTRACT

EVALUATION OF CROSS-LAMINATED TIMBER PANELS PRODUCED WITH
YELLOW-POPLAR (Liriodendron tulipifera)

Rafael da Rosa Azambuja

Cross-Laminated Timber (CLT) panels are engineered wood products breaking into the
building sector. Currently, the range of raw materials used in CLT is still limited to softwoods,
while some hardwood species such as yellow-poplar could potentially be used to produce this
wood product. Therefore, the main goal of this research was to assess the feasibility of using
Appalachian Hardwoods in the production of Cross-Laminated Timber panels. Specifically, the
objectives of the research were to 1) Determine the amount of yellow-poplar structural lumber
that can be obtained from a representative population of low-grade, yellow-poplar lumber graded
for appearance; 2) Evaluate whether CLT panels produced using No. 2 and No. 3 structural grade
yellow-poplar in parallel and perpendicular orientations, respectively, meet the bending and bond
line requirements prescribed in ANSI/APA PRG 320-2019 (2020); 3) Determine if
improvements in CLT panel properties can be achieved by laying up panels based on nondestructively assessed static bending modulus of elasticity (MOEs) instead of visual structural
grades; and 4) Evaluate whether or not placing lumber with high bending MOEs and visual
structural grades in outside layers improves CLT properties.
The material selected for this research was low-grade yellow-poplar (Liriodendron
tulipifera) that was selected for its availability. First, an initial assessment of yellow-poplar
mechanical properties was required to determine feasibility. Therefore, 8,000 board feet (18.9

m3) of yellow-poplar lumber graded as No. 2 Common and No. 3 Common, according to
National Hardwood Association of Lumber (NHLA) grading rules, were evaluated. The yellowpoplar lumber was regraded according to a structural visual grade outlined by the Northeastern
Lumber Manufacturers Association (NELMA) rules and by non-destructive test to obtain the
board’s static modulus of elasticity (MOEs) to determine their potential to meet grade
requirements for CLT panels. The percentage of boards that achieved a minimum structural
visual grade (No. 3 or better) was 54.6%, and 96.6% of the boards showed MOEs above the
minimum 1.2 x106 psi (8,274 MPa) as specified in ANSI/APA PRG 320-2019 (2020).
Once the structural grades of the yellow-poplar boards were assigned, the material was
then used to produce different sets of CLT panels. In each case, 5-layer CLT panels with
dimensions of 3.7 inches thick x 18 inches wide x 120 inches long (95 mm x 457 mm x 3,040
mm) were produced using an Emulsion Polymer Isocyanates (EPI) adhesive. Three different
panel configurations were produced to assess the feasibility of different layups patterns of lowgrade yellow-poplar. The first layup (YP1) was based on NELMA visual structural grade
selection where No. 2 lumber was used in parallel layers, while No. 3 lumber was used in
perpendicular layers. The second layup (YP2) utilized boards that did not achieve a minimum
visual grade according to NELMA rules (i.e., graded as Below Grade). In this section, boards
were instead sorted by their MOEs, and the lumber falling within the top 40% of MOEs values
was used in the panels’ two outer layers. The last layup (YP3) consisted of boards that
represented the top 10% of the MOEs population that were placed in the two outer layers. In
addition to this configuration, the panels were separated into two groups of five specimens that
had different visual grades in the outer layers. Specifically, one group had outer layers with the
two highest NELMA grades (Select Structural and No. 1), while the other group had outer layers

with the three lowest NELMA grades (No. 2, No. 3, and Below Grade). All 30 CLT panels
produced were evaluated in third-point flatwise bending and bond quality according to
ANSI/APA PRG 320-2019 (2020).
The panel’s shear block testing resulted in values above standard requirements. However,
the cyclic delamination results showed an inconsistency within the panel production, as
delamination above 5% was found in the outer areas of the panel. The average bending strength
of the CLT panels was found to be 5,687 psi (39.2 MPa), 6,682 psi (46.1 MPa), and 7,266 psi
(50.1 MPa) for YP1, YP2, and YP3, respectively. The average MOE of the CLT panels were:
1.39 x106 psi (9584 MPa), 1.56 x106 psi (10,756 MPa), 1.68 x106 psi (11,583 MPa) for YP1,
YP2, and YP3, respectively. These results indicated that a significant amount (about 96% of the
NDE tested population) of low-grade yellow-poplar lumber could still be used in producing CLT
panels if they met a higher level of MOEs as determined by non-destructive evaluation (NDE)
proof loading. CLT panels with higher and lower NELMA grades did not present statistical
differences when sorted by MOEs, indicating that the NDE is a more effective way to evaluate
the material. The placement of higher MOEs boards in the two outer layers improved the panel’s
bending properties. These results and the comparison to ANSI/APA PRG 320-2019 (2020)
layups strongly indicate the potential of yellow-poplar to be used as raw material in the
production of CLT panels.
Finally, this research results showed the potential of low-grade yellow-poplar to be used
in the production of CLT panels. The prospect of using a production surplus in a promising
engineered wood product should provide financial incentives for the industry to seek the
development of these novelty panels.
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1

INTRODUCTION

Cross-Laminated Timber (CLT) is a multi-layered engineered wood product composed of
layers of grain-aligned boards side by side and stacked crosswise on top of adjacent layers,
attached by their faces. These panels have at least three layers that are connected by nails,
screws, or dowels, or bonded by water-resistant adhesives (Karacabeyli & Douglas, 2013).
The CLT was first developed in the 1990s when the industry was looking for markets for
the side-boards leftover during sawmilling. The overlapped layers glued in the plane had the
objective to lock the shrinkage and the swelling of the side-boards, but they also achieved better
mechanical resistances (Brandner et al., 2016). Hence the promotion of the development of this
engineered wood product.
Bowyer et al. (2016) published that between 2009 and 2016, at least 29 wooden
buildings, up to 7 stories, had been or are being built globally. Of these projects, twenty-two
were in Europe, and at least six were in North America. One of the reasons for this development
is that building code regulations have changed in the past decade. Specifically, the maximum
height allowed for timber buildings increased in 2013 in some countries. Italy and UK went from
4 and 6 stories, respectively, to a maximum of 20 stories with the proper sprinkler system,
joining countries like Iceland, Belgium, Greece, Ireland, Netherlands, New Zealand, Norway,
Spain, and Sweden. In the same time period, the change in USA regulations in the maximum
wooden building height with sprinklers went from 5 to 6 stories (Blomgren, 2014).
Since 2019 (and until at least 2021), the tallest wooden building has been the Mjøstårnet
(Mjøsa Tower) in Brumunddal, Norway. This multi-purpose 18-story building is 280.18 ft (85.4
m) high. Until 2021, North America’s tallest wooden building was the Brock Commons, with 18
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stories (about 174 ft or 53 m) located in British Columbia, Canada. In the USA, the largest
wooden building is the T3 in Minneapolis, a seven-story high, 180,000 sq ft (19,722 m2) timber
structure that was built in 9.5 weeks. More ambitious projects are also being planned, like a 43
stories high building in Chicago from Skidmore, Owings & Merrill LLP (Cornwall, 2016). This
building trend has been called the “Skyscraper Race” (Harris, 2012), and the publicity of these
tall wooden buildings has given visibility, subsidies, and technological improvements to wood
products.

1.1

PROBLEM STATEMENT

Being a new technology, CLT panels carry the concern of being a wood product without
adequate knowledge of its possibilities and limitations. Interviewed architects point out the
challenge due to the lack of experience in the construction industry in using CLT panels
(Frearson, 2015). In a survey from Mallo and Espinoza (2015), less than 5% of 351 architects in
the USA confirmed that they were “very familiar” with CLT systems.
Espinoza et al. (2016) surveyed European engineers, architects, owners, contractors, and
construction managers about the awareness, status, barriers, and most needed research about the
use of CLT as a construction material. The awareness of the product was considered low or very
low. Barriers in the use of CLT according to Espinoza et al. (2016) study were, in order of
respondents’ concerns: building code compatibility, the availability of technical information,
public misperception, and costs; and the areas of needed research, in order of respondents’
concerns was structural performance and connections, moisture content, and market research.
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Schmidt & Griffin (2013), researching the obstacles in the use of CLT structures in the
construction of high-rise multi-family housing in the United States, concluded that the main issue
is knowledge related to CLTs. CLT is a known technology, but its capabilities and attributes are
unknown to the survey participants. From the references, we can observe that the main issue
preventing CLT panels from being used more frequently is the lack of information available;
therefore, more research about this product is encouraged.
Despite being an option to use wood-based products in construction, there is a lack of
information about the use of certain species in CLT panels. The current standard, ANSI/APA
PRG 320-2019 (2020) Standard for Performance-Rated Cross-Laminated Timber, established by
the American National Standard Institute (ANSI), provides requirements for the manufacturing
of CLT panels in North America. Design values (including modulus of elasticity (MOE) and
bending strength (Fb), requirements, and manufacturing information are provided in this
standard, although the information provided is only from CLT panels produced from softwood
species. Another restriction is that the grade of the softwood lumber must be at least 1200f-1.2E
machine stress-rated (MSR) or a visual grade No. 2 for major direction (parallel) layers and
visual grade No. 3 in minor direction (perpendicular) layers.
Being a relatively new product, developed at the beginning of the 20th century (Brandner
et al., 2016), there are many areas of interest in CLT research to expand the development of the
product. Specifically, given the current restrictions in ANSI/APA PRG 320-2019 (2020),
research using hardwoods and the impact on CLT panel performance is a growing area of
interest. For example, adhesive bonding between hardwoods species has recently been explored
(Hovanec, 2015; Weidman, 2015). Also, the mechanical properties of American hardwoods
(Kramer et al., 2013; Mohamadzadeh & Hindman, 2015) and European hardwoods (Aicher et al.,
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2016a) have been evaluated for use in CLT panels. The authors concluded that hardwoods have
the potential for use in the production of CLT panels.
In the United States, there are several differences in the uses and the grading of
hardwoods and softwoods - they have distinctly different visual grades. The most common way
that hardwoods are graded is by the amount of “defect clear” area on the face of the lumber. The
clear defect area tells the number of defect-free, clear cuttings obtained from each board.
Conversely, predominant grading methods for softwoods are based on structural visual grading,
as they are used mainly for structural applications. Structural visual grades focus on clear areas
and the position of defects within a board. These specific grades are related to the use of
softwoods destined for structural purposes, and therefore the position of defects affects the board
resistance. This later grade presents a more suitable evaluation for boards employed as structural
elements. Another way to grade boards is using a machine grading system, such as a machine
stress-rated (MSR) system. In this method, the boards are mechanically tested in non-destructive
evaluation (NDE) to obtain their modulus of elasticity (MOE). Neither of the last two
evaluations (visual grade focused on structural purposes and MSR) is commonly used on
hardwood. The development of such evaluations is fundamental for using hardwood in the
production of structural elements like CLT panels.

1.2

JUSTIFICATION AND EXPECTED IMPACT

The USA is one of the top producers of sawn hardwood, and a significant quantity of this
production is used for domestic demands. Among the biggest producers of hardwood in the
eastern USA is the Appalachian Region (US Census Bureau, 2007). Therefore, this raw material
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source can have its value increased by developing engineered wood products. Also, beetle
outbreaks have been reported in the past decades in Pine plantations and, as a result, impacted
the softwood lumber production and prices (Fettig, 2019). Recently, the effects of the pandemic
in wood markets caused instability in prices, and a more extensive range of raw materials could
stabilize production. Finding new uses and optimizing the use of hardwood is important, not only
from a production point of view but also economical.
The development of a CLT industry in the U.S. will most likely require building regional
production sites, as transportation costs to the job site are key elements. As predicted by
Brandner (2013), the utilization of local species will grant sustainability to the region and
consequently establish CLT panels worldwide. In his research, Grasser (2015) concluded that the
development of CLT has a future market in the USA and points to yellow-poplar (Liriodendron
tulipifera) as a feasible option. The author expresses a concern as to the cost of hardwoods,
suggesting yellow-poplar in CLT production or a hybrid combination of softwood and yellowpoplar. Another solution for this economic disadvantage can be the use of lower (less expensive)
grades of yellow-poplar.
The current North American CLT standard panel standards only allow softwoods, thus
inhibiting the use of CLTs in regions dominated by hardwood species. Broadening the range of
species to choose as raw material would result in wider availability of CLT products, not only in
the USA but globally. In addition, other improvements to boost the market for this structural
product can be achieved. Specifically, this research proposes an improvement of structural
properties and utilization of low-grade material that would assist in the expansion of CLT
production. Furthermore, since the North American standard is based on the European Standard,
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results from this research would apply to CLTs produced in hardwood regions throughout the
world.

1.3

1.3.1

LITERATURE REVIEW

Appalachian Hardwood
The Appalachian region is known for its sustainability and diversity. The sustainability of

this region is based on the responsibility of maintaining the regional characteristics. Reports from
the USDA about Appalachian hardwoods concluded that for every tree harvested in the region,
2.45 trees grew back in its place (Oswalt et al., 2014). This positive ratio of growth resulted in an
increase of 300,000 acres of the Appalachian forests in the last 25 years. With a wide range of
conditions, this diverse region has over 50 trees species, more than 20 of which can be used as
commercial species (Miller & Kochenderfer, 1998).
The Appalachian Hardwood Manufacturers Inc. (AHMI) estimated that there were
approximately 33 billion living trees in the Appalachian Region, and the most common species
include soft maple, red oak, white oak, hard maple, and yellow-poplar (Appalachian Hardwood
Manufacturers Inc., 2018). In a study from Grushecky (2011), trees were identified in 30 samples
of active timber harvests in West Virginia, and the most frequent species were yellow-poplar,
representing 25.5% of the total. The second species with the highest frequency observed is red
maple, with 14%. Based on this data, the most commonly available Appalachian hardwood
species for large-scale CLT panels production is yellow-poplar.
Whether or not low-grade hardwoods are being underused is a debatable subject since
there is a high market demand for low-grade lumber in several markets, particularly the pallet
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industry. Luppold & Bumgardner (2008) concluded that between 1984 and 2002, the largest use
of low-grade hardwood lumber was in the manufacture of pallets. However, to remain
competitive, the Appalachian region must be innovative with marketing plans that reach out to
new markets (Naka et al., 2009). A way to achieve this competitive advantage is by developing
new technologies that add value to the raw material, such as engineered wood products.

1.3.1.1 Appalachian Hardwoods in engineered wood products
North American hardwoods historically had always been used for structural purposes,
specifically in the 1990s with the Wood in Transportation (WIT) program, which constructed
over 140 demonstration bridges in 18 states (Wacker and Cesa, 2020). Some common difficulties
found in construction with American hardwoods are warp and twist, problems that engineered
wood products such as CLT panels can resolve because the panel layup restricts tension boards.
Engineered wood products (EWP), or wood composites, are derived from methods that
bond wood materials with adhesives or fasteners. These products have properties that solid wood
cannot match because of manufacturing controls and the elimination of defects. Examples of
EWP are Glulam and CLT. These materials have similar advantages over solid wood, such as
size capability and grades (Ross, 2010). The possibility of reconstructed wood allows the
assembly of smaller pieces to achieve larger elements. This reconstruction allows the use of
smaller and younger trees with fast growth rates. Also, lower-quality lumber can be used in areas
demanding less stress (Ross, 2010), giving a better purpose to typically underused lumber.
An Appalachian hardwood species highlighted for its commercial appeal is the yellowpoplar (Liriodendron tulipifera), also known as Appalachian Poplar, Tulip Poplar, Tulipwood
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(Europe), and Canary Whitewood (Beck, 1990). These fast growth species have a growing
advantage in height and diameter compared to other Appalachian hardwoods (Smith, 1983).
Yellow-poplar has already been used to produce structural elements, such as Glulam
beams (Moody et al., 1993) and reinforced Glulam beams (Hernandez et al., 1997). Those
authors conclude that yellow-polar wood can produce structural elements in construction. Moody
et al. (1993) concluded that there is viability with some restrictions, such as outer layers not
having edge knots present over more than one-sixth of surface area. Yellow-poplar glulam beams
can achieve bending stress of 2,400 psi (16.5 MPa) and design MOE of 1.8 x106 psi (12,411
MPa). Other restrictions on the use of yellow-poplar are related to higher resistance wood in the
outer layers. The boards in the outer layers (top and bottom) must-have design MOE of 2.0 x106
psi (13,789 MPa) and in next the inner 10% a MOE of 1.8 x106 psi (Moody et al., 1993). They
also reported that defects affected the tension layer (bottom) more than the compression layer
(top).
Other Appalachian hardwoods species have been considered to produce engineered wood
products. The resistance of Glulam beams produced with red oak, yellow-poplar and red maple
was evaluated by Manbeck et al. (1995), that observed average MOE values of 1.88 x106 psi or
12,962 MPa (red oak), 1.79 x106 psi or 12,342 MPa (yellow-poplar), and 1.89 x106 psi or 13,031
MPa (red maple), considering the mechanical resistance. Manbeck et al. (1995) also highlighted
the glue bond of the species with shear resistance over 12.5 MPa (1,813 x106 psi) for the three
species, and wood failure was 80% or higher for red oak and yellow-poplar, and 59% for red
maple. These data corroborate the idea of using these species for CLT production. One issue
about the use of oak in construction is the weight since this species is a heavier wood species.
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Mohamadzadeh & Hindman (2015) researched the use of No. 2 Common graded yellowpoplar in CLT panels glued with phenol-formaldehyde, and they found that this species produced
results similar to softwood species present in the ANSI/APA PRG 320-2019 (2020). The authors
concluded that the species performed as well as standard published values for visual layups V1
and V2 in bending stiffness, bending strength, and interlaminar shear. However, the authors
performed adapted tests, as outlined in Bradtmueller et al. (1998), using smaller specimens than
the standard requires. This cited method used five-point bending with a moving center point to
evaluate the bending and shear properties of the CLT panels. This technique was developed for
laminated veneer lumber with parallel oriented veneer layers and used in CLT panels by the
authors. Although, a matter to be considered is that there are more variables influencing boards
in structural composite members than in veneers. Therefore, in the present research, full-scale
CLT specimens will be tested following ANSI/APA PRG 320-2019 (2020), as a
recommendation by Mohamadzadeh and Hindman (2015).
Hovanec (2015) evaluated glue bond parameters involving the production of CLT panels
with Appalachian hardwood. Yellow-poplar specimens were used, and the effects of orthotropic
orientation, board thickness, and lamination orientation were examined. The results of this
research indicated that laminate orientation was a significant factor concerning adhesion, as
parallel oriented specimens had a higher average shear block (SB), strength, and wood failure
(WF) results, as compared to perpendicular oriented specimens. Specimen plane orientation was
also a factor in terms of strength, as radial surfaces (i.e., quarter-sawn) produced higher SB,
strength, and WF, than mixed surfaces and tangential only, respectively. While radial surfaces
may provide the best bond strength in production, this may not be feasible given the cost of
quarter-sawn boards.
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1.3.1.2 Grading rules for Appalachian hardwoods
Sawmills use the same grading rules to standardize the product value and to classify
hardwood boards. The most used hardwood grading rule is regulated by the National Hardwood
Lumber Association (NHLA, 2014). This grading rule is based on the amount of clear face
wood, without defects, that a board can produce and is a visual, non-structural grading rule.
The classification is done on the face with more defects, and the thickness is disregarded;
the measurement used is Surface Measured (SM). The classification goes from the higher to the
lower defect-free area as FAS, F1F, SEL, No. 1 Common, No. 2A Common, and No. 3A
Common, respectively. The classification is shown in Table 1-1 (NHLA).

Table 1-1: Hardwood lumber grades standard classification.
FAS
F1F
SEL
No. 1
Common
Minimum
6”x 8’
6”x 8’
4”x 6’
3”x 4’
board size
Minimum
4”x 5’
Better face must meet the 3”x 3’
size
3”x 7’
FAS requirements. Poor 4”x 2’
cuttings
face must meet the No. 1
83.33%
66.67%
% Clear
Common requirements.
SM
SM x 10
SM x 8
# Clear
SM/4
SM + 1/3
cuttings
Source: NHLA, 2014.

No. 2A
Common
3”x 4’

No. 3A
Common
3”x 4’

3”x 2’

3”x 2’

50%
SM x 6
SM/2

33.33%
SM x 4
Unlimited

These grading rules use visual evaluation to classify the boards according to defects.
There are several defects in wood boards such as: sound knots, unsound knots, holes, grub holes,
wormholes, steep grain, spiral grain, burl, torn grain, splits, checks, pitch pockets, pitch, bark
pockets, stain, incipient decay, saw gauge, skip planning, planer burn, and wane. But not every
defect has the same mechanical effect as others. For example, the presence of sound and unsound
knots results in a different decrease in mechanical properties. Sound knots show no sign of
decay, while unsound knots that are not integrated with surrounding wood (Kabir et al., 2002)
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cause a bigger loss in strength. Knots cause a deviation in the wood grain, and as their size
increases, they reduce the mechanical resistance of lumber (Grant et al., 1984).
Other agencies have different lumber rules, focused entirely on structural performance that is the case of the Northeastern Lumber Manufacturers Association Inc. (NELMA, 2013).
The rules are somewhat similar, limiting quality based on the number of defects permitted in
each grade. The defect measurements follow ASTM D245 standards and limit grain slope and
knot size in the middle third of the length. Defects are also limited according to the width of the
wide face (NELMA, 2013). Positional limits for defects inside the board are related to the
desired strength ratio. Since this grading standard is focused on lumber that will be employed for
structural purposes, the central area of the board is where the higher stresses will occur.
These two cited standard grading rules (NHLA and NELMA) may only differ in the
specific limitation of defects in the central areas but can result in a different board grade. For
instance, a board graded NHLA No. 3 because many small knots (i.e., pin knots) spread across
the wide surface have the potential to be classified as a higher grade according to the NELMA
standard. Therefore, the board could potentially be upgraded when used for structural purposes,
thus adding value and demand to the product.
The visual classification works as a good predictor, but there are other ways to classify
boards through non-destructive evaluation. One commercially used method is called machine
stress-rated lumber (MSR). MSR can achieve lumber grade that the visual grading process
cannot, ensuring direct measurements of mechanical properties (Green et al., 1993). The nondestructive tests are usually load proof, where the stiffness is calculated from the displacement
and load.
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1.3.2

Cross-Laminated Timber
Cross-Laminated Timber panels are wooden panels composed of side-by-side boards in

each layer that are arranged in parallel and perpendicular to the longitudinal axis alternating
layers. The panels are quasi-rigid composite that resists in-plane and out-of-plane loads
(Brandner et al., 2016). The production of tall wooden buildings, up to 10 stories, in Europe is
only possible because of the development of CLT panels.
By being an orthogonal structure, CLT panels can be used for different purposes
according to structural and non-structural wall elements; multi-stories structures with or without
concrete sub-structure; solid partitions with or without linings; floor/ceiling, parapet wall, and
roof elements; pre-insulated wall and roof cassettes; cantilevered floors/balconies; load bearing
lift shafts; and stairs.
The structural advantages of CLT panels are that loading can be transferred in more than
one direction, different from regular structural elements such as beams and columns (Chen,
2011). These characteristics open more possibilities for developing the architectural design.
Also, the fastening and connections are reduced because of the size of the panel. This lack of
connections results in a lower vapor diffusion, less temperature transfer, better acoustics, and
improvements in fireproofing (Chen, 2011). Economically, the advantage of CLT construction
relates to their pre-fabrication system, ease of assembly, quick on-site construction time, and
lower number of workers needed to install them, as compared to steel and concrete structures
(Brandner et al., 2013; Brandner et al., 2015).
Efforts to make CLT more popular by adding them to regulated building systems have
been made in North America. The ANSI/APA PRG 320-2019 (2020) is a standard that provides
requirements and methods to follow to ensure a quality product. Meanwhile, the American Wood
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Council (AWC) has initiated the process to add CLT to National Design Specifications (NDS)
for wood construction (Gu, 2017).

1.3.2.1 CLT Manufacturing factors
1.3.2.1.1

Characteristics of CLT raw materials

Wood is the principal strengthening and nutrient-conducting tissue of woody plants, a
chemically complex, anisotropic, porous, and hygroscopic material. The mechanical properties
of wood are highly influenced by its natural characteristics.
The density (specific gravity) of wood is considered one of the most important
indications of mechanical resistance, and they both share a direct linear positive correlation
(Shmulsky & Jones, 2011). Among the specific gravity (SG) of Appalachian hardwood, at 12%
moisture content, the lowest value is 0.37 from basswood, while yellow-poplar averages an SG
of 0.42 (Ross, 2010). ANSI/APA PRG 320-2019 (2020) requires softwoods with an SG higher
than 0.35 to be used in CLT, a value below most prevalent Appalachian hardwood, and
specifically well below yellow-poplar. Therefore yellow-poplar would be acceptable by the
specific gravity requirement of ANSI/APA PRG 320-2019 (2020). Also, being a less dense,
lighter wood, yellow-poplar can be used in more volume with a relatively lower weight when
compared to many softwoods. Grain angle is also considered one of the major influences in
mechanical resistance. A slight variation of grain angle, such as 2.9 degrees, can cause a 7% loss
in the modulus of rupture (MOR) (Smith et al., 2003). And the slope of grain is a defect
quantified by NELMA grade.
Knots are another defect present in low-grade wood. Knots affect more the bending
strength parallel to grain and tensile strength. Knots also cause minor variation in the following
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properties: compression perpendicular to grain, MOE, and shear parallel to grain (Green, 2001).
The size and position of a knot result in changes in the cited properties. A knot with a diameter
close to 5 mm (0,197 inches) can reduce the bending strength parallel to grain up to 20%,
depending on the position from a tension face to a neutral line (Smith et al., 2003).
Most species present a distinct growth ring that is characterized by earlywood (EW) and
latewood (LW). In Appalachian ring-porous hardwoods, earlywood and latewood are normally
distinct and present different characteristics; earlywood has thin walls and wide lumens as
opposed to thick walls and narrow lumens found in latewood. These characteristics make these
tissues different in mechanical properties. EW possesses more voids and consequently less
density than LW, therefore making latewood mechanically stronger than earlywood. In
plantations of species with fast growth, this growth ring is wider, presenting more EW, making
the wood more uneven and consequently decreasing mechanical properties.
It is expected that these defects, such as growth ring, knots, and grain deviation, can be
minimized by the CLT panel layup. Layers of boards glued to each other create stability where
defects are minimized by the adjacent layers, and even in cases where boards present major
defects, the defects can be cut out and the remaining pieces finger-jointed back together to make
a defect-free lumber (Chen, 2011).
For comparison, Appalachian hardwoods with the potential to be used in CLT panels
(beech-birch-hickory, mixed maple, red maple, red oak, yellow-poplar), and softwoods used in
CLT panel production (Douglas fir-larch, Spruce-pine-fir) are shown in Table 1-2. The values
used are from the National Design Specification for dimensional lumber with a nominal
thickness of 2 inches. The comparison is between grades No. 3 common, but as a reference,
grades No. 2 Common used in CLT panels are shown.
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Table 1-2: Reference design values of some Hardwood and Softwoods used in CLT production.
Species
Fb
Ft
Fv
Fct
Fc
MOE
G
6
No. 3 Common
(psi)
(psi)
(psi)
(psi)
(psi) (10 psi)
Beech-birch-hickory
575
350
195
715
425
1.3
0.71
Mixed maple
400
250
195
620
325
1.0
0.55
Red maple
525
300
210
625
400
1.3
0.58
Red oak
475
275
170
820
375
1.1
0.67
Yellow-poplar
400
225
145
420
325
1.2
0.43
Douglas fir-larch
525
325
180
625
775
1.4
0.50
Spruce-pine-fir
500
250
135
425
650
1.2
0.42
No. 2 Douglas fir-larch
900
575
180
625
1350
1.6
0.58
No. 2 Spruce-pine-fir
875
450
135
425
1150
1.4
0.51
No. 2 Yellow-poplar
700
400
145
420
575
1.3
0.43
Where: Fb: Bending; Ft: Tension parallel to grain; Fv: Shear parallel to grain; Fct: Compression
perpendicular to grain; Fc: Compression parallel to grain; MOE: Modulus of elasticity; G:
Specific gravity.
Source: NDS Supplement 2018 (American Wood Council, 2018).

From the design values of Appalachian hardwood species, it is possible to expect that
there are properties that can be improved by these species. Beech-birch-hickory can provide
bending strength (Fb), also with mix maple and red maple can provide a stronger shear parallel
to grain value. Even with lower values in comparison, yellow-poplar possesses low specific
gravity making it possible to use more material for the same weight. While mixed species have
the potential for use in CLTs, one key attribute that needs to be addressed is adhesive bonding
between layers of hardwoods.

1.3.2.1.2

Adhesives

Another key component of CLT panels is the adhesive that is responsible for holding the
panel together. The adhesive for these panels must be water-resistant since the panel can be
exposed partially to outdoor weather. As being waterproof is a requirement for adhesives to be
used in CLT panels, water-based adhesives are excluded as they will not endure the shear in the
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bond line after water exposure. The adhesives most used in CLT panels are melamineformaldehyde (MF), melamine-urea-formaldehyde (MUF), and polyurethane (1K-PUR)
(Brandner, 2013). The adhesives must be evaluated for desirable bonding as detailed in the
ANSI/APA PRG 320-2019 (2020). For those evaluations, the assessment measures the adhesive
performance in both cyclic delamination and shear block tests.
The heat performance of the adhesive is another fundamental characteristic to be added to
the panel. When studying CLT panels exposed to fire, Frangi et al. (2009) concluded that an
adhesive that could not sustain a layer when exposed to fire would not hold the char layer; this
char layer is responsible for preventing the advances of fire inside the panel. Therefore, the
choice of adhesive to be applied in a CLT panel must also focus on the fire resistance of the
adhesive.
The adhesives bonding actions can be differentiated; some act in close contact, filling
gaps and creating “hooks” to hold the contacted faces, and others are swelling adhesives. In both
cases, key factors for successful bonding include adhesive penetration and wood permeability.
Adhesive penetration can happen in two ways: micro-penetration that is through the cell lumen;
and nano-penetration that is inside the cell wall. Wood permeability varies according to species,
direction (longitudinal and transversal), and position (earlywood and latewood, heartwood and
sapwood). The permeability is considerably higher in the longitudinal direction and generally
higher in earlywood and sapwood (Kamke & Lee, 2007). According to Brandner et al. (2016),
the boards used to produce CLT panels were side boards, which are sapwood and more suitable
for gluing.
American wood species were classified by Ross (2010) on their bonding characteristics.
The four categories were: bond easily, bond well, bond satisfactorily, and bond with difficulty.
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Species within the “bond well” category include soft maple, yellow-poplar, and Douglas-fir,
among others. Some other Appalachian hardwoods, such as beech, birch, hickory, hard maple,
red oak, and white oak, are in the “bond satisfactorily” category. This different classification can
be explained by Sellers, Mcsween, and Nearn (1988). When comparing softwood and hardwood
anatomies, the authors justify the difficulty of gluing hardwoods due to their structure.
Softwood’s structure is simpler than hardwoods, presenting only tracheids, while hardwoods
present at least fibers and vessels. This complex structure would inhibit the penetration of
adhesive. Also, in the same density comparison, the fiber length, lower lignin, and higher
hemicellulose of hardwoods would cause higher volume instability. This higher dimensional
variation can cause higher stresses in the glue bond of hardwood species (Sellers et al., 1988).
These complications of hardwood species were addressed in the research through preliminary
gluing evaluations and tests.
The bond quality and wood characteristics of yellow-poplar using an adhesive commonly
used in CLT panel construction were studied by Hovanec (2015). The author concluded that the
bond quality of yellow-poplar was comparable or better than that exhibited by hard pine (Pinus
taeda). The author recommended further study on multi-layer bonds, suggesting that results may
vary from the single bond tests conducted in his study.

1.3.2.2 CLT Failures
Reconstituted wood (wood composites) is known for being more homogenous than solid
wood, but this does not make CLT free of failures. The types of failures in the CLT panels can
be seen in Figure 1-1.
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Figure 1-1: Failures in a CLT panel.
Where: TL: Tension in Longitudinal direction; CL: Compression in Longitudinal direction; I:
Indentation perpendicular to the grain; R: Rolling shear or Tension in Radial direction; T1:
Tension in Tangential direction; T2: Plane Tension in Tangential direction; S: Shear parallel to
the grain; EG: Edge glue failure; IF: interface failure.
Source: Hochreiner et al. (2013).

The final structure failure modes are usually caused by TL and T2, while R and T1 cause
local fractures; that hardly affect the plate stiffness and resistance (Hochreiner et al., 2013).
Tension failure in the longitudinal direction (TL) is perpendicular to grain fractures, ripping
wood fibers apart. Plane tensile failure in the tangential direction (T2) is a plane crack that can be
caused by rolling shear stresses which are caused by bending or tension from adjacent layers.
Tensile failure in the radial direction (R) typically occurs in earlywood (less dense wood)
because of a shear parallel to grain or by rolling shear stresses. Tensile failure in tangential
direction occurs in wood regions close to the bond line, probably because of accumulated
strengths of rolling shear stress, bending stress, or tension stress perpendicular to the adjacent
boards.
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In a study using fast-growth eucalyptus to produce CLTs, Liao et al. (2017) concluded
that the main failure in the CLT panels was rolling shear in the perpendicular layer. Also, the
other failures observed in Liao et al. (2017) were tension failure in the middle and bottom layers.
Davids et al. (2017), researching hybrid CLT panels of spruce-pine-fir (SPFs) and
Laminated Strand Lumber (LSL), found that the effect of mixing different layers is the shifting
of one and failure mode by the other. Regular panels produced just with SPFs layers, showed
shear failure in the inner layer, while a hybrid panel with SPFs and an inner layer of LSL showed
tension failure in the bottom layer. This shows that even with all the wood variability reflected in
the final product, the failure modes can be reduced to two: tension on the bottom layer and shear
in the inner layer.
Aicher et al. (2016b) believed that rolling shear and strength of perpendicular layers are
critical properties in CLT panels, so they decided to evaluate the viability of using beech to
reinforce perpendicular layers. They concluded that wood species with a higher rolling shear and
rigidity would reinforce the structure and be the ideal to produce perpendicular layers of CLT
panels. According to Ross (2010), rolling shear is correlated to the shear parallel to grain, and
from their data, yellow-poplar possesses a higher (or at least similar) shear parallel to grain than
most of the softwood species.

1.3.3

Non-destructive evaluation of boards
Non-destructive evaluation (NDE) is a technique developed to predict wood properties

without damaging or influencing the properties of a wood material. One example NDE method is
the use of sound waves or ultrasonic waves. The anatomic structure of wood is composed mostly
of longitudinally oriented wood fibers agglutinated by lignin. In general, clear wood is a material
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composed of many tube-like cells cemented together (Ross & Pellerin, 1994). This orientation
can produce a structure almost continuous of strings that can transport a sound wave in a
homogeneous pattern. From the time that the sound wave travels, related to the distance
measured and density, the speed can be used to predict, with certain certainty, the stiffness of a
wood board.
The non-destructive evaluations use the principle of a continuous structure, but CLT
panels are a reconstructed wood product. Therefore, those cited techniques are not reliable to be
applied to predictions in CLT panels. An option to solve this problem is to use software
programs that predict properties by modeling the strength of structures.
The effectiveness of non-destructive evaluation was the target of the study of Cunha and
Matos (2011). In their study, glulam beams were produced using two different methods of board
classification, one based on density, visual defects, and the number of growth rings, and another
based on MOE prediction from a stress wave timer. They produce the glulam beams with boards
they classified from both methods, using higher density and higher MOE in the outer layers.
After mechanical bending tests, the authors concluded that visual grade was insufficient to
ensure the maximum MOE possible for the beam. They also concluded that the arrangement of
boards was effective to increase MOE compared to a random layup.

1.4

1.4.1

REGIONAL MATERIAL

Available board sizes
Data from a regional Sawmill focused on Appalachian hardwood was used to determine

the most suitable board size to be used in the production of hardwood-based CLT panels. The

20

species produced by the sawmill were black walnut, birch, elm, beech, basswood, hickory, ash,
hard maple, cherry, soft maple, white oak, red oak, and yellow-poplar. From a sample, the
percentages of each species are shown in Figure 1-2, while the produced grades for species are in
Figure 1-3.
This mill data shows that the more commonly used species to produce lumber were
yellow-poplar, red and white oak, and mixed maple, respectively. From these options, the species
known as low-value Appalachian hardwood more suitable to produce CLT in the region is
yellow-poplar.
The board sizes and amounts of board feet of a run tally were analyzed. Also, the yellowpoplar production was evaluated. The dimensions measured were the length and width of the
boards since the thickness for the hardwood boards is 1 inch (25.4 mm). The number of pieces
and the board feet of each species was collected. The results for the percentage from the total
board feet of length and width for the yellow-poplar are shown in Figure 1-4.
From these results, it is possible to predict dimensions available from yellow-poplar to be
used in CLT production as raw material. Some dimensional restrictions can be observed in the
review of CLT standards of softwood, the European guidelines, and CLT producers.
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Percentage of species
6%
9%
37%

11%
15%
22%

Others

Cherry

White Oak

Mix Maple

Red Oak

Yellow-poplar

Figure 1-2: Percentages of species processed by the lumber mill where yellow-poplar was
selected.

Figure 1-3: Percentage of each grade for species processed by the lumber mill where yellowpoplar was selected.
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Figure 1-4: The percentages of sizes of boards in a run tally of soft maple and yellow-poplar.

In ANSI/APA PRG 320-2019 (2020), the dimensions required for a no edge bond design
are: the width shall not be less than 1.75 times the thickness in the major (parallel) direction, and
the width shall not be less than 3.5 times the thickness in the minor (perpendicular) direction.
Individual laminates cannot be less than 0.625 inches (16 mm) or more than 2 inches (51 mm) in
thickness. This requirement means that perpendicularly oriented layers require wider boards than
parallel oriented layers. Given this requirement, a 0.75 inches (19 mm) laminate will require at
least 1.3125 inches (33 mm) and 2.625 inches (67 mm) wide boards for the parallel and
perpendicular orientations, respectively. Regarding a 1-inch (25.4 mm) laminate thickness, the
board width must be at least 1.75 inches (44 mm) and 3.5 inches (88 mm) in width for the
parallel and perpendicular, respectively. These two width sizes are well represented in the
species of hardwood collected. Board length does not have a standard requirement, as they are
generally finger-jointed together to produce a continuous piece to meet the full length of the CLT
panels.
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The European standards prEN 16351:2011-11 (Timber structures – Cross laminated
timber – Requirements) (cited by Brandner and Schickhofer (2014)) and producers follow the
suggestion of the width of the board being four times the thickness due to rolling shear stresses.
Anything below this suggestion may result in a reduction of rolling shear resistance (Brandner &
Schickhofer, 2014). This recommendation of boards with a minimum width of 4 times the
thickness will be taken into consideration when processing the boards for the CLT panels
production.
From the standards and the data collected, it is possible to outline some guidelines of
Appalachian hardwood usage in CLT panels. The width will be the main factor to consider since
the thickness is standardized as 1-inch (25.4 mm), and the length will be determined by panel
size with the option to finger-joint pieces together. Following the European and North American
standard suggestions, the boards must be at least 4 inches (102 mm) in width for perpendicular
layers. The percentage of sampled yellow-poplar boards with a width greater than 4 inches (102
mm) was 99%. Therefore, the board sizes available to produce CLT are met, considering that the
samples obtained are representative of typical yellow-poplar lumber production.

1.5

MAIN OBJECTIVES AND HYPOTHESIS

Based on the information presented in the literature review and the data from the local
mill, the primary research objective was to assess the feasibility of using yellow-poplar in the
production of Cross-Laminated Timber (CLT) panels. The following four specific goals were set
to meet that objective:
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1- Determine the amount of yellow-poplar structural lumber that is present in a
representative population of the species with low appearance grades (NHLA No. 2A
and below).
2- Evaluate whether CLT panels produced using NELMA No. 2 and No. 3 structural
grade yellow-poplar in parallel and perpendicular orientations, respectively, meet the
bending (in the major direction) and bond line requirements prescribed in ANSI/APA
PRG 320-2019 (2020).
3- Determine if improvements in CLT panel properties can be achieved by laying up
panels based on non-destructively assessed static bending modulus of elasticity
(MOEs) instead of visual structural grades; and
4- Evaluate whether placing lumber with high bending MOEs and visual structural
grades in outside layers improves CLT bending properties.

Given these objectives, the following hypotheses were developed:
1. Yellow-poplar CLT panels bond evaluation will meet the ANSI/APA PRG 320-2019
(2020) requirements.
2. The yellow-poplar CLT panels will have bending properties of Fb and MOE similar to
the values of softwoods published by the ANSI/APA PRG 320-2019 (2020).
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2

EVALUATION OF LOW-GRADE YELLOW-POPLAR (Liriodendron tulipifera)

AS RAW-MATERIAL FOR CROSS-LAMINATED TIMBER PANEL PRODUCTION

ABSTRACT
In addition to traditional markets (e.g., furniture, cabinetry, pallets, and railroad ties), hardwood
lumber has potential use within the emerging Cross-Laminated Timber (CLT) panel market.
Utilizing low-grade yellow-poplar (Liriodendron tulipifera) lumber within CLTs would provide
for alternative lumber sources and promote the establishment of CLT manufacturing facilities
within the Appalachian Region. Therefore, the objective of this research was to investigate the
structural capabilities of a typical population of yellow-poplar lumber, graded No. 2A and below
according to National Hardwood Lumber Association (NHLA) rules and evaluate their potential
for use in structural applications such as CLTs. In addition to NHLA grades, the lumber was
assigned to visual structural grades following Northeastern Lumber Manufacturers Association
(NELMA) rules and evaluated for flatwise bending modulus of elasticity (MOEs) by nondestructive tests (NDT). Additionally, the effects of processing the lumber for use in CLT panels
were analyzed to evaluate changes in the final grade. The results of the study indicated that
approximately 54.6% of the boards possessed a minimal structural visual grade suitable for the
production of CLT panels, according to ANSI/APA PRG 320 (2020). Splits were the most
common limiting defect that downgraded boards to non-structural grades. Also, 96.6% of the
boards evaluated had MOEs above the required minimal board value of 1.2 x106 psi (8274 MPa)
listed in ANSI/PRG 320 (2020). Therefore, the results of the research indicated that low-grade
yellow-poplar has the potential for CLT panel production and that further research in producing
CLTs from low-grade yellow-poplar is warranted.
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2.1

INTRODUCTION

Historically, there has been interest in using hardwoods in structural applications. The
National Design Specification (NDS) for Wood Construction (American Wood Council, 2018)
published values for hardwoods in 1988, and since then, hardwood design values have been
available and certified for use (Green, 2005). In the past, efforts were made to produce wood
transportation structures (bridges), and by 2005, approximately 140 demonstrative hardwood
bridges were constructed in 18 states (Wacker and Cesa, 2020). Some of these demonstration
bridges were made with yellow-poplar (Liriodendron tulipifera).
Yellow-poplar is a hardwood tree species that grows throughout the Appalachian region, a
chain of mountains with over 200 thousand square miles that spreads over 13 American states
(Pollard & Jacobsen, 2011). The species has the most standing volume of timber in West
Virginia (120 million m3) and presents a net growth to harvest ratio exceeding 3:1 with the
greatest removal volume of 939 thousand cubic meters/year (Morin et al., 2017). Using yellowpoplar in structural elements was researched by Hernandez et al. (2009), where Glulam beams
were analyzed for use in bridge systems. The authors concluded that yellow-poplar could achieve
the necessary mechanical requirements for bridges, but economic considerations, specifically the
cost of the raw material, would be the deciding factor for future use as structural bridge
components.
Commonly, yellow-poplar lumber is marketed according to National Hardwood Lumber
Association (NHLA) grading rules (NHLA, 2014) and sold as commodity lumber with varying
prices by grade. For example, the Hardwood Market Report from March 2021 (American
Hardwood Export Council, 2020) lists the higher grades, FAS and No. 1 Common, at around
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95% and 25% higher than the price of No. 2A Common, respectively, for dried 4/4 thickness
yellow-poplar lumber. NHLA grades No. 2B, No. 3A, and No. 3B do not generally have
published values in this report for dried lumber since they have less market interest. However,
these low-grade materials will most likely have lower prices than grade No. 2A. These NHLA
grades, No. 2A Common, No. 2B Common, No. 3A Common, and No. 3B Common, are
generally termed “low-grade” as they represent the lower end of the grading rules and are mostly
used by the wooden pallet and container industry. Therefore, low-grade yellow-poplar lumber is
commercially available and has a relatively low cost, making this species a good candidate to be
used as raw material in CLT (Cross-Laminated Timber) panels or other engineered structural
products. To be used in CLT panels, however, structural lumber needs to be assigned a structural
visual grade of at least No. 3. A well-known structural visual grading agency for yellow-poplar
(as per AFPA National Design Specification) is the Northeastern Lumber Manufacturers
Association (NELMA, 2013). Visual grading classifies boards into grades according to defect
position and board size based on strength limiting defects.
As most low-value hardwoods are intended for non-structurally graded markets, issues
with using yellow-poplar lumber for CLT panels are directly related to the markets being served
and the associated grading requirements, which do not reflect the mechanical properties of the
boards. Appearance grade hardwood lumber is typically produced in random widths and random
lengths, with a target thickness that is oversized to account for shrinkage during drying. Also,
since the mills producing hardwoods do not aim for structural purposes, the industry has adapted
to a smaller thickness of 1 inch (25.4 mm), compared to the usual 1 ¾ inches (44.45 mm) of
softwoods. For CLT markets to be recognized using the current manufacturing and grading
practices, there is a need to evaluate how the current hardwood grading system is related to
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structural grading systems and how to homogenize the raw material dimensions to be used as
structural elements.
Research on structural grades for yellow-poplar was conducted by Moody et al. (1993) and
Faust et al. (1990) without considering NHLA low-grade lumber. Pahl et al. (1992) conducted a
study on NHLA low-grade lumber but did not consider the processing needed in CLT
production. In all three studies, the authors found considerable numbers of boards meeting
structural grades. Even with these studies, it has proven challenging for the hardwood industry to
change grading methods without market incentives and/or guarantees.
Mechanical properties of yellow-poplar are published in the National Design
Specifications (NDS) (American Wood Council, 2018a). Using these values, Beagley et al.
(2014) calculated that a CLT panel made from yellow-poplar grade No. 3 (NELMA) would
exceed ANSI/PRG 320 (ANSI, 2020) requirements for strength and stiffness. Early research on
using yellow-polar for CLTs investigated NHLA graded lumber rather than structural grades.
Mohamadzadeh and Hindman (2015) produced and tested CLT panels using NHLA graded No.
2 common (a mix of No. 2A and No. 2B) yellow-poplar. The results of their research concluded
that bending stiffness and strength surpassed the design values for CLT made from softwoods,
specifically grades V1 and V2. While their results were promising, they did not analyze
structurally graded lumber. Because visual appearance grade lumber was used, the CLT panels
could have had higher grades of structural lumber present, and there was no way to know or
replicate these panels from a structural standpoint. As such, to consider using low-grade NHLA
graded hardwoods in CLT panel manufacturing, research is needed to evaluate the amount and
types of structural grade lumber present in traditionally graded hardwood lumber available in the
market; specifically, the amount of NELMA No. 3 and above present in NHLA No. 2 and below;
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and further, by non-destructive evaluation, measure and assess their mechanical properties (static
modulus of elasticity or MOEs).

2.1.1

Objective and hypotheses
The objective of this study was to categorize kiln-dried, 1 inch (25.4 mm) thick, NHLA

No. 2A, No. 2B, No. 3A, and No. 3B yellow-poplar lumber into appropriate structural grades in
both rough-cut form and after processing to a standard size suitable for use in CLT panels. The
study investigated: the NELMA grades (visual structural grade) distribution of the lumber by
NHLA grade; the effects of processing into standard widths and thicknesses on the final grade;
the use of proof loading as an alternative to visual grading; calculation of a relative economic
value for each NHLA grade according to their structural properties.
The hypotheses of this research chapter were:
1)

Processing the boards to the appropriate sizes needed for CLT panel manufacturing will
not significantly change the board’s original visual grade distribution for both grading
systems.

2)

The majority of NHLA grades No. 2 Common and No.3 Common will be graded as
NELMA No. 3 and above.

2.2

MATERIAL AND METHODS

The focus population was low-grade yellow-poplar lumber typically used in industrial
applications such as wooden pallets and graded by NHLA rules. Initially, 667 ft3 (18.9 cubic
meters) of kiln-dried, rough-cut yellow-poplar classified as NHLA No. 2A and below were
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obtained from a mill in northern West Virginia. The donated boards were kiln-dried to a target
moisture content that ranged between 6 percent and 8 percent. While hardwood lumber is usually
sold in random widths and multiple fixed lengths, a specific board dimension was available
through a local sawmill, with the average dimensions of 6.88 inches wide x 1.06 inches thick x
121.2 inches long (174.7 mm x 26.9 mm x 3,080 mm). Initially, the boards were numbered,
measured, and graded to NHLA and NELMA visual grades; NELMA rules for structural light
framing. The grades were assigned by professional graders, with certification from their
respective associations.
The boards were then surfaced on both sides and sent through a gang rip saw to achieve the
final dimension of 6 inches wide x 7/8 inches thick x 121 inches long (152.4 mm x 22.3 mm x
3,070 mm). After this dimensioning of the boards, the same professional graders regraded the
boards. During this second grading, the determinant defect that limited the board from achieving
a higher NELMA grade was recorded.
The boards were then taken to the West Virginia University research laboratories, where they
were tested non-destructively to determine the flatwise bending modulus of elasticity (MOEs)
using a center point loading configuration over a span of 88 inches (2210 mm) on a Universal
Testing Machine (UTM). The span selected was 100 times the average board thickness, span-todepth in accordance with ASTM D3737 (2012). The boards were evaluated flatwise to better
simulate the stresses of a board in a CLT panel used as a floor or roof type panel, where bending
properties are more relevant. Each board was deflected at the center for 3 inches (76.2 mm), and
through this loading, the applied force and deflection were measured and recorded. Modulus of
elasticity (MOEs) was calculated in accordance with Equation 2-1. A summary of the methods is
shown in Figure 2-1 and the grade requirements are provided in

Table 2-1.
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Equation 2-1

Where: MOEs is the modulus of elastic in bending flatwise in lbs/in2 (psi), M is the slope of the
load deflection curve (lbs/in), L is the test span in inches, and I is the moment of inertia (inches).

Figure 2-1: Illustration of the board classification methods performed in this research, including
NHLA visual grade (a); NELMA visual grade (b); and non-destructive test (c).

Table 2-1: Grading rule requirements: a. Minimum yield requirements of NHLA grade; b.
NELMA requirements for knots and splits for 6 inches wide boards*.
a. NHLA1
b. NELMA2
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Grades
Yield (%)
Grades
Knots in the wide face
Splits
FAS
83.3
At edge
Centerline
Unsound
1F
83.3
SS
1.125”
1.875”
1”
6”
1C
66.6
No. 1
1.5”
2.25”
1.25
6”
No. 2A
50.0
No. 2
1.875”
2.875”
1.5”
9”
No. 2B
50.0
No. 3
2.75”
3.75”
2”
20”
No. 3A
33.3
No. 3B
25.0
1
Where: Yield is the amount of clear face cuttings that can be obtained from a board; 1F presents
a better wide face that meets FAS requirements and opposite face at least meets 1C
requirements; Grade No. 2A requires clear cuttings and Grade No. 2B accepts sound cuttings.
2
Maximum defect size accepted in each respective grade in centimeters.
*
More information about the grading methods can be found in the respective rule books.

Generally, commodity prices for yellow-poplar structural grades are not available.
Therefore, to provide an estimated value, in terms of structural grades, to each of the low NHLA
grades used in this research, a Total Relative Worth (TRW) was calculated. The TRW was
calculated using the ratio between cell frequency and row frequency and the ratio of the relative
strength and relative price, as shown in Equation 2-2 used by Pahl et al. (1992).

TRW

∑"#
$$

!

1000

Equation 2-2

Where: BG is Below Grade and SS is Select Structural.

The relative strength (SR) of the NELMA grades was calculated based on values
provided by ASTM D245 that provide values for strength reducing factors for defect-free,
straight-grain material when developing various grades of visually graded structural lumber. As
there are no SRs available for the proof loading scenario, SRs used in the MOEs grading scenario
were chosen based on the range of elasticity found in the boards. The current available price of
the NHLA grade, according to the Hardwood Market Report of March 2021, was used to define
Relative Price.
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Some of the boards could not be measured through non-destructive evaluation due to
uneven shape caused by a defect (wane, split and/or holes), so that 55 boards were excluded from
the proof loading. Also, boards with an NHLA grade above No. 2A (FAS, 1F, and No. 1C) were
excluded from the research as they were beyond the study scope. As a result, a total of 1192
boards were evaluated in non-destructive tests. The distribution of NHLA and NELMA grades
before and after processing was tested using a paired chi-square test. The MOEs data was
analyzed using an ANOVA test, and the averages were differentiated using a Tukey HSD test.
These statistical tests were conducted on Rstudio (R Core team, 2020; Rstudio, 2020) and
Microsoft Excel (Microsoft Corporation, 2018), with a confidence level of 5% (α=0.05).

2.3

RESULTS AND DISCUSSION

The study was divided into four sections that address different aspects of re-grading and
classifying NHLA lumber for structural grades. The first section details change in grade resulting
from the processing of kiln-dried, 4/4 (25.4 mm), yellow-poplar lumber into uniform dimensions
for structural purposes. The second section details the NELMA grades (visual structural grades)
for the low-grade lumber processed into uniform dimensions of 6 inches wide by 0.875 inches
thick by 121 inches long (152.4 mm x 19.05 mm x 3,070 mm) and used to produce CLT panels.
The third section examines the mechanical properties of processed NHLA low-grade lumber
according to their visual grades in the context of required values needed for producing CLT
panels. Finally, the fourth section presents the relative worth of each NHLA grade according to
their structural capabilities in NELMA grades and MOEs values.
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2.3.1

Effects of processing low-grade yellow-poplar for structural purposes

The number of boards assigned to each grade in both systems before and after processing
is shown in Figure 2-2. No data was collected for No. 3 NELMA graded boards before
processing. Initially, given the vagueness of the NELMA standard and uniqueness of grading
0.75 inches (19.05 mm) thick structural lumber, the NELMA grader did not consider No. 3 as a
true structural grade, and anything meeting this grade was visually graded as Below Grade (BG).
After processing, the No. 3 NELMA grade was applied so that final defect limiting defects could
be determined for every grade. As a result, a direct comparison between NELMA grades before
and after processing could not be determined. Processing produced an average 12.7% reduction
in width and a 5.8% reduction in-depth, leading to a significant change in grade based on chisquare test results. After processing, the No. 3 and the Below Grade boards were grouped to
allow a more direct comparison, and even then, the test showed a statistically significant
difference (χ2 = 116.409, p-value < 0.0001, n=1192).

Figure 2-2: Number of boards before and after processing.
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*

NELMA grade No. 3 was not assigned to boards before processing.

Table 2-2 details the percentage change in NELMA grade from each of the starting
grades the boards were assigned, presumably resulting from surfacing. When comparing the
NELMA grade of a board before and after processing, the result could be divided into two
categories: boards graded Select Structural and Below Grade before processing were more likely
to remain in the same grade afterward; boards graded No. 1 and No. 2 changed grade more
randomly, with no discernable pattern of grade change. Grade changes in grades No. 1 and No. 2
after Surfacing on all four Sides (S4S) were hypothetically influenced by the presence of defects
in the smaller boards. For example, an edge defect removed through processing can improve the
grade; or a defect that remains after processing (S4S) becomes more significant in these smaller
boards, potentially leading to lower assigned grades. On the other hand, boards that were initially
graded as Selected Structural most likely do not have any significant defects therefore the
processing should theoretically not affect the initially assigned grade. Similarly, boards initially
classified as Below Grade most likely had several or large defects that were unaffected by
processing (S4S) and maintained their initially assigned grades.

Table 2-2: Distribution in percentages of each of the original NELMA grades after processing.
Percent per NELMA grade after processing
Starting NELMA grade
N
SS
No. 1
No. 2
No. 3
BG
SS
88
61.4
8.0
14.8
4.4
11.4
No. 1
141
29.1
21.3
27.0
12.1
10.5
No. 2
334
8.4
11.1
35.2
21.0
24.3
No. 3 & BG
629
2.4
1.0
8.3
19.1
69.2

Table 2-3 summarizes the major defect that resulted in board downgrading in accordance
with NELMA rules. The most common defects in grades No. 1, No. 2, and No. 3 were knots,
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while in Below Grade the most common defect was splits. A board, when used in a CLT panel,
will mostly be used flatwise and is expected to be glued to an adjacent layer, minimizing the
effects of a split. Given this layup pattern, larger splits, which were responsible for placing a
board into a non-structural grade by NELMA rules, may not play as much as a significant role
when placed into a CLT panel. More research, however, is needed to evaluate the use of Below
Grade lumber with splits as the limiting defect in CLT panels.

Table 2-3: Percentages of limiting defects keeping boards from achieving a higher grade.
Percent defects per NELMA GRADE (%)
No. 1
No. 2
No. 3
BG
Total
Defect type
(n = 80)
(n = 222)
(n = 211)
(n = 541)
(1.0541)
Knot
84
76
62
24
47
Splits
4
14
21
43
29
Slope of grain
1
2
5
4
4
Decay
3
0
0
5
3
Shake
3
3
4
11
7
Wane
3
2
6
10
7
Bow
1
0
0
0
0
Other defects
1
3
2
3
3
1
This total number of boards did not include 138 boards that were graded Select Structural and
did not have a limiting factor.

Most of the observed defects, such as knots, shake, wane, and slope of grain, are inherent
in boards the following manufacture at the sawmill, while splits and cracks are more commonly
42

associated with handling and processing of the boards. Lamb (1992) indicates that splits and
cracks are associated with four factors: wood characteristics, processing, drying, and handling.
There was no conclusive way to fully understand changes caused by handling and
processing the boards during the research without tracking every single board and what evolved
from processing (S4S) the board. In this study, the primary objective was to estimate a final
NELMA grade after processing (S4S) NHLA low-grade lumber. However, to fully evaluate
changes that occurred during processing and handling, future research should focus on analysis
through imaging the boards before and after handling and processing.

2.3.2

NELMA distribution of low-grade yellow-poplar

To determine the potential use of low-grade yellow-poplar appearance lumber in
structural applications (e.g., CLTs), the NHLA grade of the kiln-dried, 1 inch (25.4 mm),
unsurfaced lumber (before processing) was compared to the final NELMA grade after S4S
processing for standard thickness and width which is necessary for CLT production. The results
of this analysis are shown in Table 2-4.
Based on ANSI/APA PRG 320 (2020), a softwood board should achieve at least a
structural visual grade No. 3 grade to be used in the production of CLT panels. From the
researched population of NHLA low-grade yellow-poplar, 54.6% were graded above the
standard requirements for CLT manufacturing specifications. The percentages of boards that
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achieve structural grade (at least No. 3) within their NHLA grades were No. 2A (64.4%); No. 2B
(66.3%); No. 3A (52.3%); and No. 3B (30.7%). Grade No. 3B, with 69 percent of boards graded
as Below Grade, showed the least amount of yield when used as a structural material, based on
NELMA rules; therefore, lumber within this grade is least likely to result in a significant amount
usable structural lumber based on NELMA criteria.

Table 2-4: Final NELMA grade distribution based on pre-processing (rough lumber) NHLA
grade.
NELMA Grade
Total
NHLA
Freq.1
Grade
(% of Total)2
SS
No. 1
No. 2
No. 3
BG
No. 2A

No. 2B

No. 3A

No. 3B

Freq.1
% of Total2
% of NELMA3
% of NHLA4
Freq.1
% of Total2
% of NELMA3
% of NHLA4
Freq.1
% of Total2
% of NELMA3
% of NHLA4
Freq.1
% of Total2
% of NELMA3

75
6
54
17
15
1
11
9
41
3
30
12
7
1
5

31
3
39
7
18
2
23
11
24
2
30
7
7
1
9

88
7
40
20
44
4
20
26
62
5
28
18
28
2
13

90
8
43
20
35
3
17
21
58
5
27
16
28
2
13

157
13
29
36
57
5
11
34
169
14
31
48
158
13
29

441
(37)

169
(14)

354
(30)

228
(19)
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% of NHLA4
3
3
12
12
69
1
Total
Freq.
138
80
222
211
541
1192
2
(% of Total)
(12)
(7)
(19)
(18)
(45)
(100)
1
Where: Frequency is the number of boards present in each row and column combination.
2
The total percentage was calculated by dividing the row and column combination by the total
number of boards (1192).
3
The percentage of NELMA grades was calculated by dividing the row and column combination
frequency by the total number of boards in the respective NELMA grade.
4
The percentage of NHLA grades was calculated by dividing the row and column combination
frequency by the total number of boards in the respective NHLA grade.

Table 2-5 compares the current results with those by Pahl et al. (1992) and Faust (1990)
for NHLA No. 2A and below lumber. The authors evaluated the NELMA grade of boards from
different sources of yellow-poplar. Comparison to data provided by Pahl et al. (1992) and Faust
(1990) suggest that the results of the distinct grades in the current study can be justified by the
difference in material and methods.

Table 2-5: Post processing NELMA grade distribution based on the before processing NHLA
grades of No. 2A and below.
Moisture NHLA
No.
No.
No.
Sample
SS
B.G.
Study
Source
Content
grade
1
2
3
No. 2A
Green
42.1
22.1 25.4
8.8
1.7
Pahl et al.
Switch Ties
&
(1992)
Dry
33.6
18.1 25.6 18.9 3.8
Below
Not
Not
Green
45.2 36.4 17.7 0.7
Random
reported reported
Faust (1990)
logs
Not
Not
Dry (6%)
54.6 15.5
6.1 23.8
reported reported
No. 2A
Random
Dry (6Current
&
11.6
6.7
18.6 17.7 45.4
logs
8%)
Below

Pahl et al. (1992) used similar methods of grading, NELMA rules for structural joist and
planks, while Faust (1990) used grading rules from the Southern Pine Inspection Bureau (SPIB).
In both studies, even with different visual grading methods, the majority of NHLA No. 2 and No.
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3 Common yellow-poplar met the minimum requirements for structural purposes. Pahl et al.
(1992), which had the lowest percentage of Below Grade dried material between studies, were
air-dried under roof over 12.5 months to a moisture content (MC) under 19%; while Faust (1990)
and current research used a dry kiln to achieve 6-8% MC. The board MC in the current research
was between 6-8% to match industry standards from the lumber provider. Differences in the
drying methods could potentially impact defect development between all these studies.
Although, these grades differences could also result from sourcing and processing of the raw
material.
Pahl et al. (1992) evaluated lumber from graded switch ties, which were procured and
processed into 2 inches (50.8 mm) thick by 7 inches (177.8 mm) wide boards. In contrast, the
current research used boards taken from the mill production line, with a target thickness of 1 inch
(25.4 mm) commonly manufactured by the industry, a target length of 120 inches (3,048 mm),
and a range of widths (averaging around 7.25 inches, or 184.1 mm). These dimensions were
common to the mill manufacturing process at the mill which donated this lumber for the
research.

2.3.3

Elasticity distribution of low-grade yellow-poplar

While NELMA visual grading indicated that a large proportion of NHLA low-grade
lumber met structural grades requirement, a large percentage of the lumber graded visually was
Below Grade (45.4%). Non-destructive proof loading was used in the study as an alternative
grading approach to verify whether Below Grade lumber was truly unsuited for CLT
manufacturing.
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Figure 2-3 shows the distribution in modulus of elasticity (MOEs) found for the NHLA lowgrade lumber as determined by non-destructive evaluation.

Figure 2-3: Distribution of Modulus of Elasticity in flatwise bending (MOEs) values for lowgrade yellow-poplar and relevant statistics.

Figure 2-3 shows the normal distribution of the population of low-grade yellow-poplar
lumber tested using non-destructive proof loading. Normality was confirmed by the Skewness
and Kurtosis results. The MOEs design values of a population are usually calculated from their
mean, which, for this distribution, was 1.66x106 psi (11,445 MPa). The minimal MOEs value
was 0.77x106 psi (5,308 MPa), and the 5th percentile was 1.25x106 psi (8,618 MPa), showing that
a majority of boards (96.6%) showed an acceptable MOEs relative to the minimal requirement
for CLTs as outlined in ANSI/APA PRG 320 (2020) of 1.20x106 psi (8,273 MPa). Only 39
boards (3.4 percent) did not meet the minimum MOEs requirement specified in ANSI/APA PRG
320 (2020).

47

In the literature, modulus of elasticity in bending for yellow-poplar has been reported
above 1.20x106 psi (8,273 MPa) by several studies (Ross, 2010; American Wood Council, 2018;
Lim et al., 2010; Faust et al., 1990; and Green & Evans, 1987). Although these results were
calculated by performing the test edgewise, flatwise results were chosen in the present research
to simulate board stresses in a CLT panel. Attempts to produce complementary edgewise data
were impractical because of board widths of 0.75 inches (19 mm), which caused warping instead
of a linear deformation.
NELMA grading uses a structurally focused visual set of rules to qualify the mechanical
resistance of a defect-free grain when applied reductions according to defect presence and
position. Therefore, it is expected that higher NELMA grades present higher strength. While
MOEs can be obtained by non-destructive evaluation, the value is an indicator of material
stiffness and not directly a measure of actual board strength, as defects that do not influence
MOE can highly impact strength. The results of the study showed a positive correlation to the
NELMA grades, as higher grades showed higher average MOEs (Table 2-6). However, results of
the Tukey analysis (95% confidence) indicate that not every group had a statistically significant
difference in average MOEs between NELMA grades. The ANOVA results and Tukey test
results are shown in Table 2-7: ANOVA results of MOEs values between NELMA grades. and
Table 2-8, respectively. Specifically, there was a statistically significant difference in average
MOEs between Select Structural and No. 3 and Below Grade, No. 1 and Below Grade, and No. 2
and Below Grade. Additionally, from the coefficient of variation results, Below Grade boards
had a larger variation that was likely due to a large number of defects in this grade. Considering
only the average of MOEs, lumber within any NELMA grade evaluated would meet the
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requirements of 1.20x106 psi (8,274 MPa) considering only the minimum MOEs defined in
ANSI/APA PRG 320 (2020).

Table 2-6: MOEs analysis of the boards grouped by NELMA grades.
NELMA Grade
Statistic
SS
No. 1
No. 2
No. 3
Number of boards
137
80
221
207
6
Mean (10 psi)
1.74
1.70
1.68
1.66
6
Min (10 psi)
1.19
1.10
0.89
0.86

BG
490
1.61
0.77

Max (106 psi)
Number of boards (<1.20 x106 psi)
Skewness

2.35
1
0.25

2.37
1
0.26

2.43
4
0.09

2.34
4
0.11

2.47
29
-0.21

Kurtosis
Coefficient of Variance (%)
Tukey HSD1

-0.32
13.5
a

0.85
13.2
ab

0.27
14.6
ab

0.25
15.9
bc

0.36
17.0
c

Where: 1Column’s with the same letter did not present a there was a statistically significant
difference in average MOEs as determined using a Tukey HSD test with α=0.05.

Table 2-7: ANOVA results of MOEs values between NELMA grades.
Source of Variation SS
df
MS
F
F crit
p-value
Between Groups
2.462558 4
0.6156 9.1907 2.3798 2.62E-07
Within Groups
75.82725 1132 0.0670
Total
78.28981 1136

Table 2-8: Tukey test results of MOEs results per NELMA grade.
Pairs
p-value
inference
SS x No.1
0.688954 No statistically significant difference
SS x No.2
0.120417 No statistically significant difference
SS x No.3
0.035421 * p<0.05
SS x BG
0.001005 ** p<0.01
No.1 x No.2 0.899995 No statistically significant difference
No.1 x No.3 0.811444 No statistically significant difference
No.1 x BG 0.029965 * p<0.05
No.2 x No.3 0.899995 No statistically significant difference
No.2 x BG 0.008039 ** p<0.01
No.3 x BG 0.075727 No statistically significant difference
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2.3.4

Relative worth of structural low-grade yellow-poplar

The relative worth using current market prices was analyzed to evaluate potential
economic value as structural lumber when purchasing NHLA Grade 2 and 3 Common. The
relative worth of each grade based on their NELMA visual grade is shown inTable 2-9 and the
relative worth based on the developed MOEs categories is shown in Table 2-10.

Table 2-9: Relative worth of dry yellow-poplar per National Hardwood Lumber Association
(NHLA) grade based on Northeastern Lumber Manufacturers Association (NELMA) results
(March 2021).
SS
No. 1
No. 2
No. 3
BG
Total
Relative Strength to Ratio (SR)
NHLA Grade
0.66
0.60
0.49
0.30
0
Frequency
No. 2A (690)
75
31
88
90
157
441
No. 2B (600)
15
18
44
35
57
169
No. 3A (600)
41
24
62
58
169
354
No. 3B (600)
7
7
28
28
158
228
Total
138
80
222
211
541
1,192
Relative Worth
No. 2A (690)
0.163
0.061
0.142
0.089
0
0.454
No. 2B (600)
0.098
0.107
0.213
0.104
0
0.520
No. 3A (600)
0.127
0.068
0.143
0.082
0
0.420
No. 3B (600)
0.034
0.031
0.100
0.061
0
0.226
50

Total
0.421
0.266
0.598
0.336
0
1.621
Where: Lumber price values used in this table were values from the Hardwood Market Report
dated March 2021.

Table 2-10: Relative worth of dry yellow-poplar per National Hardwood Lumber Association
(NHLA) grade based on bending modulus of elasticity (MOEb) results (March 2021).
MOEs distribution (x106 psi)
Total
>2
1.8-2
1.5-1.8
1.2-1.5
<1.2
Relative Strength to Ratio
NHLA Grade
1
0.90
0.75
0.60
0
Frequency
No. 2A (690)
67
86
198
62
11
424
No. 2B (600)
22
34
74
30
1
161
No. 3A (600)
19
66
152
94
12
343
No. 3B (600)
6
15
104
67
15
209
Total
114
201
528
253
39
1135
Relative Worth
No. 2A (690)
0.229
0.265
0.508
0.127
0.000
1.128
No. 2B (600)
0.228
0.317
0.575
0.186
0.000
1.305
No. 3A (600)
0.092
0.289
0.554
0.274
0.000
1.209
No. 3B (600)
0.048
0.108
0.622
0.321
0.000
1.098
Total
0.597
0.978
2.258
0.908
0.000
4.741
Where: the lumber price values used in this table were values from Hardwood Market Report
from March 2021.

In relation to relative worth, this value would fluctuate over time and according to the
current price of each of the NHLA grades. Using the data from March 2021, based on both
resulting NELMA grades and MOEs categories, the NHLA grade that showed the higher total
relative worth was grade No. 2B, while the least feasible grade was No. 3B. However, the
current prices for kiln-dried lumber in grades No. 2B, No. 3A, and No. 3B are not available from
market reports, and a prediction of the value was made by adding a drying cost to the green No.
2B values for these grades. In the analysis, No. 2B, No. 3A, and No. 3B were treated as being in
the same price category, as these grades were material sold combined together as pallet stock.
Under the situations evaluated in March 2021, the result of the relative worth analysis suggests
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that purchasing NHLA No. 2B has the best value if the intention of using the lumber is in a
structural application considering both NELMA and MOE categories. The relative worth
calculation is also useful when purchased lumber needs to meet a certain NELMA grade or
MOEs classification. For example, if the structural lumber needed to meet No. 1 and higher
grades, then the SRs values in the table should be replaced for a value of one in the table cells of
No. 1 and SS grades, and a value of zero, for the other grades. Under this scenario, NHLA No.
2A lumber becomes more attractive.

2.4

CONCLUSIONS

This research focused on an evaluation of the structural characteristics of a large sample
of low-grade yellow-poplar lumber for use in CLT panels production. The boards were evaluated
before and after processing, and the parameters used for evaluation were NELMA visual
structural grade and non-destructive testing.
The sampled population of NHLA grades No. 2A and below yellow-poplar lumber
produced a total of 651 boards out of a sample population of 1,192 boards, or 54.6% of the tested
boards, that met visual NELMA structural grades. These findings provide evidence that lowgrade yellow-poplar lumber has the potential to be used for structural purposes, particularly as a
raw material for manufacturing CLT panels, since they present structural visual grades that meet
standard requirements. Additionally, results from non-destructive proof loading tests indicated
that 96.6% of the boards met the minimum MOEs specified CLT panel production under
ANSI/APA PRG 320 (2020). Finally, in terms of grading, the non-destructive test results showed
a higher yield than visual grading and should be further evaluated as a more efficient and
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economical means for structurally grading low-grade hardwood lumber for CLT applications.
Proof-loading lumber in the final processed form may be a more useful grading approach in
composite applications rather than stand-alone single-use structural member applications.
However, more research is needed to correlate NHLA low-grade lumber MOEs to Fb before such
a system could be fully implemented for CLT manufacturing purposes.
From the relative worth calculated for each of the 4 lower grades of the NHLA rules, the
grade that showed more feasible potential to be used in the production of CLT panels is grade
No. 2B Common. Although this result is dependent upon the current relative price, the results
may vary according to the current price of each of the NHLA grades at a given time.
Any large-scale change in grading methods by hardwood lumber manufacturers will
depend on investment and a market able to justify the investment. Although, based on these
results, re-grading low-grade hardwood lumber, primarily used in pallet manufacturing, would
add considerable value to this lumber and potentially provide usable feedstock for producing
CLT panels. However, more research in using both NELMA and NDE graded low-value yellowpoplar in CLT panels is needed to verify the structural capacities as described in ANSI/APA
PRG 320-2019 (2020).

2.5
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3

CROSS-LAMINATED TIMBER PANELS PRODUCED FROM LOW-GRADE

YELLOW-POPLAR SORTED BY STRUCTURAL VISUAL GRADE

ABSTRACT
Low-grade yellow-poplar (Liriodendron teleputer) graded No. 2 Common and No. 3 Common
(according to National Hardwood Lumber Association - NHLA rules) is typically utilized by
industry to produce wood pallets. According to the Chapter 2 results, the low-grade yellow
poplar showed the potential of producing Cross-Laminated Timber (CLT) panels. Given these
results, the objective of this chapter was to produce CLT panels from a population of NHLA
graded No. 2A, No. 2B, No. 3A, and No. 3B lumber and to evaluate if they can meet bending
criteria (major strength direction) listed for existing published CLT panels layups “V” from
ANSI/APA PRG 320-2019 (2020). The board classifications from Chapter 2 were used to guide
board selection for this research. CLT panels were produced using NELMA No. 2 and No. 3 in
parallel and perpendicular layers, respectively. This layup pattern was selected to mimic V grade
layups provided in ANSI/APA PRG 320-2019 (2020) for existing approved species (e.g.,
Douglas Fir-Larch, Southern pine, Spruce-pine-fir). Ten panels were produced for the evaluation
of the bond quality and mechanical properties. Bond quality was measured by shear block and
cyclic delamination according to ANSI A190.1 (2017) on three specimens collected from three
different positions of each panel (close to each end and in the middle). For mechanical
properties, flatwise bending according to ANSI/APA PRG 320-2019 (2020) was performed.
Sequential photographic images of the panel sections were taken before and after testing to
evaluate defect presence and bending failure modes. Also, during the bending evaluation, strain
pattern development was measured using a digital image correlation (DIC) system. Results from
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the bond tests showed average delamination under 5% more frequently in central areas of the
panel than in the outer areas, indicating an inconsistency of pressure or thickness variation in
panel production. Based on analysis of digital image correlation (DIC) data and scanned panel
images, the most common bending failure mode was found to be simple tension. The results
from testing indicated that the calculated allowable stress design (ASD) bending strength (major
direction) value for the yellow-poplar CLT panels was 1,718 psi (11.84 MPa) which corresponds
to a value 90% stronger than V1 (900 psi, 6.20 MPa) layups from ANSI/APA PRG 320-2019
(2020). MOE (major direction) was comparable to V2 and V3, with an average Modulus of
Elasticity (MOE) of 1.39 x106 psi (9,584 MPa). Based on these findings, the study indicated that
there is potential for using NELMA No. 2 and No. 3 grade yellow-poplar lumber in the parallel
and perpendicular layers, respectively, to produce CLT panels that meet or exceed V grade
bending strength and MOE design values as listed in ANSI/APA PRG 320-2019 (2020).
However, more research is needed to evaluate other mechanical properties in both the major and
minor axis, as well as optimize yellow-poplar layup patterns to increase modulus of elasticity.

3.1

INTRODUCTION

The CLT Handbook (Karacabeyli & Douglas, 2013) describes the initial steps of panel
making, including but not limited to lumber selection and grouping, surface cleaning, panel
layup, and pressing. They also highlight the factors of a successful production line: material
quality and consistency in bonding parameters.
The material quality is usually ensured by grading the lumber either by visual structural
grades or mechanically (Brandner, 2013). The board evaluations are done either visually, rating
the defect presence on the board surface or by stress-rating them to determine the boards’
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modulus of elasticity (MOE). Stress-rating is most viable because MOE is a property correlating
well with bending strength (Ross, 2015). Bending strength is an important property dictating
wood usage. Species-wise, yellow-poplar was evaluated and has shown potential for use in
structural construction, either on Glulam beams (Moody et al., 1993) or Cross-Laminated Timber
(CLT) panels (Mohamadzadeh & Hindman, 2015).
Bonding-wise, one of the challenges of gluing hardwoods is the wide range of porosity
between species, and their anatomy can facilitate or block adhesive penetration (Ross, 2010).
Yellow-poplar, in comparison to most hardwood species, possesses a relatively low specific
gravity of 0.43 (American Wood Council, 2018). Dense wood usually means thick cell walls and
smaller lumens, hampering the adhesive penetration (Ross, 2010). Hovanec (2015) tested the
bonding condition of single-layer yellow-poplar specimens bonded with resorcinol formaldehyde
to simulate the production of CLT panels and found that the species produced adequately strong
bonds to achieve the requirements in ANSI/APA PRG 320-2019 (2020). While Hovanec (2015)
concluded that yellow-poplar has adequate bonding to produce CLT, since his research was
performed on two-layer specimens, more research is needed to determine stresses that build up in
multi-layered panels. Mohamadzadeh & Hindman (2015) tested 3-layer yellow-poplar panels
bonded with phenol-formaldehyde in cyclic delamination, and values of 3.9% were observed;
according to test requirements (delamination less than 5%). Even though the authors tested only
one specimen from an unreported panel position, this finding suggests the species could be used
to produce CLT panels.
The current North American CLT standard ANSI/APA PRG 320-2019 (2020) provides
the strength requirements and test methods to evaluate a CLT panel layup. This qualification of
panels is made to ensure resistances in the usage of these panels and considers the panel
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properties and reduction factors applied to timber in construction. Mohamadzadeh & Hindman
(2015) tested yellow-poplar panels with reduced sizes in bending to evaluate species’ potential to
be used in accordance with the ANSI/APA PRG 320-2019 (2020). The authors found bending
strength (FbS) of 5,490 lbf-ft/ft and bending stiffness (EI) of 153 lbs-in2/ft, results that surpass
the values published in the standard for V1 and V2 layup. Although, the authors recommended
testing the yellow-poplar CLT panels in long-span bending in accordance with ANSI/APA PRG
320-2019 (2020) to validate their research findings.

3.1.1

Objective and hypotheses

Based on results from Chapter 2 (Section 2.3.2), low-grade yellow-poplar showed
potential to be used as a raw material in the production of CLT panels. Over 56% of the boards
were graded as structural lumber as necessary under the minimum requirements from ANSI/APA
PRG 320-2019 (2020). Therefore, the objective of this research chapter was to evaluate full-scale
CLT panels produced from low-grade (NHLA) yellow-poplar following visual structural grade
layup methods. Specifically, the objective was to use the visual grade recommendation for
softwoods from ANSI/APA PRG 320-2019 (2020) to produce CLT panels and compare bending
in major strength direction to listed values for V layups. Additionally, to characterize these
panels, they were evaluated for bond quality according to ANSI/APA PRG 320-2019 (2020).
The hypotheses of this research chapter were:
1) The CLT panels produced from yellow-poplar will have adequate bending strength and
modulus of elasticity as visual layups from ANSI/APA PRG 320-2019 (2020). The CLT
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panels will present, in the major direction, a Fb of at least 875 psi (6 MPa) and a MOE of
at least 1.1 x106 psi (7,584 MPa).
2) The CLT panels produced from yellow-poplar will have adequate bonding performance
to meet ANSI/APA PRG 320-2019 (2020) requirements. The results of the cyclic
delamination test will show average delamination under 5% of all bond lines. The results
of shear block tests will show a combined average of 80% wood failure from all
specimens tested and 95% of all the specimens tested with wood failure above 60%.

3.2

MATERIALS AND METHODS

3.2.1

Material Preparation and Panel Layup

Low-grade yellow-poplar (Liriodendron tulipifera) boards used in this research were
from the population studied in Chapter 2 (Section 2.2). The yellow-poplar boards used were part
of the population of NHLA No. 2 and No. 3 Common, and only boards graded NELMA No. 2
and No. 3 were used. The dimension of each board was 6 inches wide, 0.875 inches thick, and 10
feet long (152 mm wide x 22 mm thick x 3,050 mm long). These boards were later surfaced on
both wide faces to a final thickness of 0.75 inches (19 mm), just prior to adhesive application.
The information collected on each board was their NHLA and NELMA visual grade, specific
gravity, and two measurements of bending MOE, static MOE (MOEs) and dynamic MOE
(MOEd). Additionally, the boards were delivered already dried, and the target moisture content
from the manufacturers was between 6% to 8%.
These data were partially collected in Chapter 2 (Section 2.2). The visual grades NELMA
and NHLA were given by industry-experienced professional graders. Specific gravity and MOEd
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based on vibration were obtained by a Metriguard E-computer 320 device. The measurement of
MOEs was obtained by proof-loading the boards in a flatwise set-up. The choice of using two
methods to obtain MOE was to compare the precision of non-destructive vibration to the panel
properties when proof loading is normally used. Also, having another board property
measurement offers more options to correlate with panels’ final MOE and assess the suitability
of using multiple non-destructive grading techniques.
The selection of the boards to compose the panels was based on their structural visual
grade, similar to ANSI/APA PRG 320-2019 (2020) requirement for the visual grade in
softwoods. The boards used in the panels were: NELMA No. 2 graded in longitudinal layers and
NELMA No. 3 graded in transverse layers. The panel layup regarding the material used is shown
in Figure 3-1. This set of CLT panels discussed in this chapter was labeled YP1. The other board
properties were not used in the selection of the boards but were collected for further analysis.

Figure 3-1: CLT panel layup configuration based on visual structural grade (YP1).

3.2.2

Panel Making

Ten five-layer CLT panels were made measuring: 3.75 inches deep, 18 inches wide, and
120 inches long (95.25 mm x 304.8 mm x 3,048 mm). The panel size was selected to fit the
requirements of mechanical tests from ANSI/APA PRG 320-2019 (2020). Specifically, the panel
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dimensions were selected to meet flatwise bending minimum dimensions in accordance with
ASTM D198 (ASTM, 2015). Shear block and cyclic delamination tests were conducted in
accordance with ASTM D905 (ASTM, 2010) and ASTM D1101 (ASTM, 2013), respectively, to
evaluate the panels’ bond quality. Shear block and delamination specimens were taken from
three different positions within the panel (e.g., at both ends and, in the middle) to represent
results across the panel. A limitation on the sampling of these bonding specimens is the
evaluation of just one side of the panels since the remaining of the panel would be used in the
bending test. A representation of the panel’s sampling positions is shown in Figure 3-3.
Panel production started by surfacing the two wide faces of the selected boards in a fivehead moulder. This step in the process created a fresh surface to aid the bonds between
laminates. The final thickness of each board was nominally 0.750 inches (19.05mm). The
surfaced boards were then evaluated using a Metriguard E-computer 320 to determine MOEd.
After MOEd evaluation, longitudinal boards were end trimmed, and transverse boards were cut to
length, approximately 120 inches (3,048 mm). The boards were squared at the ends to allow even
end surfaces for the lateral restrictions during pressing. The finished boards were then transferred
to a layup table for panel assembly. During layup, the Franklin Advantage EP-950 adhesive was
applied to each layer, creating a total of 4 glue lines. This two-part adhesive consists of an
acrylic-based emulsion polymer isocyanate system (EPI) and H-200, a polymeric hardener
(diphenylmethane diisocyanate - MDI). The bonding and pressing parameters used to produce
the CLT panels are shown in Table 3-1.
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Table 3-1: CLT panel making parameters for full length panels.
Adhesive Rate
78 lbs./1000 ft2 (384 g/m2)
Resin: Hardener
100: 15 parts
Nominal Pressure
231 psi (1.59 MPa)
Clamping Time
6 hours
Resting period*
12 hours
Where: *Resting period was the minimum period of the time the panel remained in the press
without moving.

Each lamination was laid individually on the assembly table, and the adhesive mixture
was weighed, applied, and spread by rubber rollers. Since the panel was assembled lamination
per lamination, the adhesive was weighted with relatively precise control. Due to the manual
production of a massive panel on a laboratory scale, 18% of the total adhesive weight was added
to make up for the adhesive lost in tools and equipment (e.g., mixture pails, rollers, etc.), spillage
and pre-curing. The addition of 18% of the total adhesive weight, based on the adhesive product
specification recommendation, was based on preliminary panels produced and conversations
with the adhesive manufacturer. Preliminary tests on the adhesive were performed in small-scale
5-layers panels, 1 foot by 1 foot, and depth of 3.75 inches (305mm x 305mm x 95.25mm), and
these samples produced attended ANSI/APA PRG 320-2019 (2020) bonding requirements,
therefore the spread rate was kept the same to the full-scale panels. The additional adhesive also
aimed to compensate for the board equilibrium moisture content of approximately 6%, when the
adhesive manufacturer required values between 8-12%. This board's moisture content results
from industrial kiln drying, as the boards were dried to a target MC between 6 and 8% by the
lumber manufacturer. The suggested conditioning of these boards to 12% was impractical since
this research focused on large amounts of lumber, 667 ft3 (18.9 cubic meters) or about 1,400
boards. The boards were stored for over a year in the laboratory, and it was expected that they
would reach an equilibrium moisture content. In panel making, lumber with a lower MC than
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expected by the adhesive manufacturer would absorb more adhesive during bonding, limiting the
available adhesive to secure a bond between two faces. Therefore, this additional adhesive was
used to remediate the possibility of a lack of adhesive in the bonding layer.
The nominal pressure was also above the adhesive product datasheet specification of 175
psi for hardwoods. The additional pressure was applied due to preliminary results that showed
pressure variation across the press plate. A limited experiment with load cells showed a variation
of up to 13% in one of the plate corners, although the experiment was limited by the load cells
capacities under 100.000 lbs when the full pressure the press applied were about 500.000 lbs.
Additionally, a preliminary full-scale trial panel was pressed with 175 psi and showed bonding
issues, therefore, to avoid the risk of lacking pressure in the full extension of the press plates, the
pressure used was, closed to the press capacity, of 231 psi. Finally, was also noted that in a fullscale wooden panel, the pressure dropped after initial pressure because of boards settling, to
rectify this issue full pressure was applied again after 30 minutes from initial pressure.
After the last layer of adhesive was laid and the last lamination was assembled, the panel
was wrapped in plastic and placed inside 3.5 inches (88.9 mm) deep LVL mold, then placed on
the lower platen of the hydraulic press. Inside the press, a lateral restriction was maintained by
three half-inch rods on the long side and two rods on the short side. These lateral forces were
provided to restrict movement of the boards during pressing and remove lateral gaps between
boards in both directions. With the panel restricted inside a mold in the press, nominal pressure
of 231 psi (1.59 MPa) was applied and held for six hours before release.
The pressing time was longer than the one-hour recommendation from the adhesive
manufacturer for several reasons. The panel was wrapped in protective plastic to avoid adhesive
spilling and gluing the panel to the press plates. As a consequence of this wrapping the air
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circulation needed for the adhesive to cure was restricted. Also, more adhesive than suggested by
the manufacturer was used in production, with the intention to remediate the lumber’s low
moisture content and adhesive loss during mixing and application. These factors would increase
the curing time. Finally, a full-scale preliminary panel with 1 hour of pressing was made and did
not bond correctly as the panel sprang back and gaps between layers were evident and visible
when the press was open. The panels were pressed for 6 hours to fully assure that proper
adhesive curing when under pressure was completed. Additionally, after pressing, the panels
were left in the press for a post-pressing curing period of approximately 14 hours to assure that
complete adhesive curing was achieved. An illustration of the CLT panel production method is
shown in
Figure 3-2.
It is noteworthy to highlight that these methods were developed by the production
capacity of the laboratory staff and facility. In an industrial setup, the methods should be updated
by their capacities and adhesive requirements. The adhesive is certified to cure in a 1-hour span,
with a pressure of 175 for hardwoods of this density range and no resting time required. These
changes would considerably decrease the production time.
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Figure 3-2: A photographic composite containing the CLT panel production steps. Moulder used
to plane the boards (1); Adhesive and hardener used (2); Adhesive application to each individual
laminate (3); Plate press during panel pressing, with the side restrictions (4); Panel after being
cured and pressed outside the press (5); Panels being processed in a straight-line rip saw (6).

After pressing and complete curing, the ten five-layer CLT panels were trimmed on one
edge using a straight-line rip saw. After the initial trimming, the processing was followed by two
cuts: one to produce the 12 inches (304.8 mm) wide specimen for bending, and another cut to
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produce a 3 inch (76.2 mm) rip cut across the length of the panel. The bonding evaluation
specimens were taken from the 3 inches (76.2 mm) wide section. From each panel, the
specimens were: one flatwise bending, three shear blocks, and three cyclic delamination. The
dimensions of the flatwise bending specimens were 3.75 inches thick x 12 inches wide x 120
inches long (95.25 mm x 304.8 mm x 3,048 mm), in accordance with ASTM D198 (ASTM,
2015). The other specimens were six blocks of 3.75 inches thick x 3 inches wide x 3 inches long
(95.25 mm x 76.2 mm x 76.2 mm). These six blocks were used for shear block and cyclic
delamination tests. The shear block specimens were then cut in accordance with ASTM D905
(ASTM, 2010). The full panel dimensions, as well as the specimens’ locations and sizes, are
shown in Figure 3-3.
The software used for the data management and statistical analyses were Rstudio (R Core
team, 2020; Rstudio, 2020) and Microsoft Excel (Microsoft Corporation, 2018), with a
confidence level of 5% (α=0.05).
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Figure 3-3: Panel dimensions and specimens’ layup.
Where: 1, 2 and 3 are the positions; A is the cyclic delamination specimen; B is the shear block
specimen; C is the bending flatwise specimen.

3.2.3

Mechanical Evaluation

From the bending specimens, the panel’s bending strength (Fb) and modulus of elasticity
(MOE) were calculated according to the equations for flatwise third-point bending from ASTM
D198 (ASTM, 2015). The bending tests were performed using an Instron Universal Testing
Machine (UTM), with a total span of 114 inches (2,895 mm) and a distance between load
bearings of 38 inches (965.2 mm). This span was chosen to meet ANSI/APA PRG 320-2019
(2020) requirements of a span-depth ratio of at least 30. The bending tests were performed at a
loading rate of 0.5 inches/minute (12.7 mm/minute) to complete the test in a period of no less
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than 4 minutes and no longer than 10 minutes, as per ASTM D198 (ASTM, 2015) requirements.
Figure 3-4 illustrates the bending test setup. Modulus of elasticity (MOE) and bending strength
(Fb) were calculated from the test data using Equation 3-1 and Equation 3-2, respectively.

Figure 3-4: Flatwise bending test representation.
' ( )
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Equation 3-1

Where: MOE is the modulus of elasticity in bending (psi), P is the increment of applied load
(lbs), l is test span (in), b is specimen width (in), d is specimen depth (in), and ∆ is the increment
of deflection of the neutral axis in the center of span (in).
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Equation 3-2

Where: Fb is bending strength (psi), Pmax is the maximum load borne by the specimen (lbs), l is
test span (in), b is specimen width (in), and d is specimen depth (in).

The theoretical effective bending stiffness, (EI)eff, and the effective bending strength,
FbSeff, of the panels, were calculated based on formulas published in the CLT Handbook
(Karacabeyli and Gagnon, 2019), as shown in Equation 3-3, Equation 3-4, and Equation 3-5.
These formulas used the design values published in the NDS (American Wood Council, 2018).
The Fb and MOE used were based on the board’s NELMA grade. The FbSeff calculations used the
reduction factor of 0.85, according to ANSI/APA PRG-320-2019 (2020).
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Equation 3-3

Equation 3-4

Equation 3-5

Where: by is width of the panel for the parallel layer (inches)
Ei is the average modulus of elasticity of i-th layer (psi)
ti is the thickness of the i-th layer (inches)
zi is the distance between the center point of the i-th layer and the neutral axis (inches)
h is the panel depth (inches)
Fb is the board bending strength (psi)
E is the board elasticity (psi)
Seff is the effective section modulus (in3)

Sequential photographic images of the panel sections were taken before and after testing
to evaluate defect presence and bending failure modes. As the panels are expected to fail in the
bottom face, a record of the bottom face defects can serve as a tool in the panel analysis. Also,
during the analysis of panel failure type, the intended failure identification shown in Figure 1-1
was replaced by the classification published by ASTM D143 (ASTM, 2014). This identification
was changed because the latter defect identification was clearer in large-scale panels, not
subjective to small defects, and focused on the main defect failure type. The types of failures are
shown in Figure 3-5.
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Figure 3-5: The defect types according to ASTM D143. a) simple tension; b) cross-grain tension;
c) splintering tension; d) brash tension; e) compression; f) horizontal shear.

The Aramis Digital Image Correlation (DIC) system (ARAMIS, GOM Braunschweig,
Germany) evaluated strain development within the panel during the bending tests under bending
loading. The system consisted of two cameras that captured different stages (stereo photographs)
of the test by recording specimen displacement by tracking color patterns (pixel arrangements)
over the tested surface. As the central area of the bending test was blocked by the UTM support
rams, the cameras could only capture about one-fifth of the central bending area (between the
two loading bearings). The distance between specimens and cameras was 76 inches (1,930 mm).
This distance was used to allow tracking of the area from the support ram to loading bearing, and
not far enough to reduce precision and resolution. The DIC system indicated deformation over
the central bending area from the different stages captured, where most of the forces are being
applied. Both methods of evaluation are shown in Figure 3-6.
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Figure 3-6: The two image systems used to evaluate bending failure mode and identify patterns.
a) The scanning system used to evaluate the bottom wide face of the panel; b) The DIC system
set up during the bending test.

ANSI/APA PRG 320-2019 (2020) publishes a table of ASD reference design values
according to the materials used in the production of the CLT panels. The classes published in the
ANSI/APA PRG 320-2019 (2020) are softwood lumber graded visually, graded by stress-rate,
and composite lumber (SCL). For each of the classes, different values are shown according to the
classifications of its raw material. Since the panels produced in this chapter are classified solely
on their visual structural grades, the results were compared to the published values of the layups
based on visual grades from the standard.
The characteristic values were calculated from the bending specimens and used for
comparison to ANSI/APA PRG 320-2019 (2020) design value minimum requirements. The
values of ASD modulus of elasticity in bending were calculated by obtaining the average values
of the population as stipulated in the ANSI/APA PRG 320-2019 (2020). The characteristic
bending strength (Fb) was calculated using the standard D2915 (ASTM, 2016). From Fb, the
Parametric Tolerance Limit (PTL) was calculated subtracting from the average, the tabulated
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confidence level (k=2.104) times the standard deviation. The formulas used are shown in
Equation 3-6 and Equation 3-7.
CD
0-

E − (G ∗ H)
CD ÷ 2.1

Equation 3-6
Equation 3-7

Where: PTL is Parametric Tolerance Limit (psi), E is the population mean (psi), s is population
standard deviation (psi), K is the tabulated K factor, Fb is the characteristic bending strength.

3.2.4

Bond Quality

To test the bond quality of the panels, tests that simulate weathering and aging were
performed. The CLT panel’s bond quality was evaluated following cyclic delamination methods
in accordance with ASTM D1101, Method B (ASTM, 2013), and shear block methods according
to ASTM D905 (ASTM, 2010).
Cyclic delamination specimens were 3 inches by 3 inches blocks with full-thickness, 3.75
inches (76.2 mm x 76.2 mm x 95.25 mm), that were weighted and submerged in water before
being taken to an autoclave. In the autoclave, the specimens were subjected to a vacuum of 23 ±
2 inches (508 mm to 635 mm) for 30 minutes. After the release of the vacuum, a pressure of 75 ±
5 psi (4.8 bar to 5.5 bar) was applied, and the specimens remained in this condition for 2 hours.
After the vacuum/pressure cycle was completed, the blocks were dried in a conventional dryer
set at a temperature of 160o F (approximately 70oC) until they reached their initial weight (e.g.,
within 15% of the original weight, as per ASTM D905). Afterward, each block was inspected,
and their delamination (adhesive open joints) were measured with a 0.003 inches (0.08 mm)
thick feeler gauge. For determining panel bonding quality, the percentage of the entire bond line
that delaminated was calculated. Since each specimen had four layers with four sides, the
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delamination percentage was the average of all the sides and layers. An example of the cyclic
delamination specimen is shown in Figure 3-7.

Figure 3-7: Image shows a tested specimen in Cyclic Delamination, highlighting the
delamination and equipment. 1. Example of delamination prior to testing that did not factor into
the test results; 2. Example of delamination, highlighted with a marker; 3. Example of intact glue
bond; 4. Feeler gauge (0.08mm thick) used to measure delamination.

Given the complexity of cutting, testing, and evaluating wood failure on stepwise
specimens, shear block tests were performed by PFS TECO (Springfield, Oregon), which is
certified to evaluate CLT panels in accordance with ANSI/APA PRG 320-2019 (2020). Shear
block testing was performed following ASTM D905 (ASTM, 2010). Results on wood failure
percentage and maximum shear stress were provided for each of the four bond lines for each
shear block specimen. The results from each of the two properties shown are the mean,
maximum, minimum, and standard deviation of each block. In total, 30 specimens (three from
each panel) and 120 bond lines were evaluated.
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3.3

3.3.1

RESULTS AND DISCUSSION

Bending results

Table 3-2 shows the results from flatwise third-point bending tests of the CLT specimens.
Load versus deflection graphs is shown in Figure 7-1 of the Appendix.

Table 3-2: Results of the bending test for YP1 test specimens.
Ultimate Load
Fb
MOE
YP1
6
ID#
lbs
kN
psi
Mpa
10 psi
Mpa
YP1-1
6,675
29.7
4,609 31.8
1.40
9,637
YP1-2
7,478
33.3
5,162 35.6
1.27
8,780
YP1-3
6,352
28.3
4,390 30.3
1.47
10,141
YP1-4
6,718
29.9
4,562 31.5
1.37
9,455
YP1-5
8,154
36.3
5,606 38.7
1.33
9,195
YP1-6

9,848

43.8

7,028

48.5

1.47

10,119

YP1-7

9,660

43.0

6,702

46.2

1.31

9,054

Failure mode
Simple Tension
Simple Tension
Simple Tension
Simple Tension
Simple Tension
Splintering Tension
+ Simple Tension
Cross-grain Tension
+ Simple Tension
Splintering Tension
Simple Tension
Splintering Tension

YP1-8
9,139
40.7
5,797 40.0
1.28
8,822
YP1-9
9,139
40.7
6,190 42.7
1.40
9,619
YP1-10
9,791
43.6
6,828 47.1
1.55
10,680
Mean
8,295
36.9
5,687 39.2
1.39
9,550
Min
6,352
28.0
4,390 30.3
1.27
8,780
Max
9,848
44.0
7,028 48.5
1.55
10,680
5th perc
6,497
28.9
4,467 30.8
1.27
8,799
ST.DEV.
1,395
6.20
988
6.81
0.09
621
COV (%)
17
17
6
Where: 1.000.000 psi = 6,895 MPa; ST.DEV. is the standard deviation; COV is the coefficient of
variance.

The Fb has a coefficient of variance relatively high (17%), higher than the expected COV
of 15% from PRG 320-2019 (2020), which is not desirable. However, this variation will be
accounted for when calculating the parametric tolerance limit (PTL) and associated ASD design
values. This variation could be the consequence of boards from a large range of mechanical
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properties. The board selection was based on the visual grades. Based on the results in Chapter 2
(Section 2.3.3), there was a considerable range of MOEs for boards within each NELMA grade.
This larger variation could have impacted the variation in mechanical properties for YP1 panels.
Additionally, in LVL production, visual grades have been reported to result in a higher COV
than NDE (Sharp, 1985). This variation could also happen in CLT production, and additional
NDE testing in board selection could confirm that.
The calculations of the properties are also shown in Table 3-3 and the equations below.
The theoretical effective bending stiffness and effective bending strength are shown in Table 3-4.
The likely differences between the calculated and experimental values are due to the theoretical
values being more conservative in nature and minimizing the effect that the minor direction
laminations provide in terms of reinforcing the panel’s major strength direction.

Table 3-3: Effective bending stiffness calculations.
Layer
E
z
(Ebh3)/12
Eaz2
6
2
2
(10 lbf/in )
(in)
(lbf-in )
(lbf-in2)
1
1.30
1.50
0.548
26.325
2
0.04
0.75
0.017
0.2025
3
1.30
0
0.548
0
4
0.04
0.75
0.017
0.2025
5
1.30
1.50
0.548
26.325
Total
Where: b is 12 inches, h is 0.75 inches.

54.7
?
0?

2

*ℎ

0.85

10K L9M − NO' PQR M: SM TNU:ℎ

2 54.7
1.3 3.75
700
12

Sum of Layer
(106 lbf-in2/ft of width)
26.9
0.2
0.5
0.2
26.9
54.7

22.455

22.455 NO PQR M: SM TNU:ℎ
1113 L9M − M: PQR M: SM TNU:ℎ
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)

(0- ?)

9

, ,+

, ,+

0-

U
12
9

6

1.39
U'

52.73

1718

73.3

2.34

10K

L9M
PQR M: SM TNU:ℎ
NO'

4026 L9M − M: PQR M: SM TNU:ℎ

Where: b = 12 inches and d = 3.75 inches.

Table 3-4: The theoretical and experimental results from the yellow-poplar CLT panels.
Bending properties
Theoretical value
Experimental value
EIeff (106 lbf-in2/ft of width)

54.7

73.3

FbSeff (lbf-ft/ft of width)

1113

4026.56

Where: EIeff is effective bending stiffness, and FbSeff is effective bending strength.

It is noteworthy that these values are calculated based on the thickness of the produced
panels. Therefore, a comparison should be made with panels having a similar thickness. Since
these research panels had a thickness of 3.75 inches, the comparison to ANSI/APA PRG 3202019 (2020) will be done using the produced panel’s Fb and E. Table 3-5 presents a comparison
between the visual layups from ANSI/APA PRG 320-2019 (2020) and the characteristic values
from the set of panels made from yellow-poplar visually graded in this research. The average
moisture content of the panels was around 6.2%, when the minimum in the standard is 8%.
Using ASTM D-1990 (ASTM, 2019) to adjust panels properties from 6.2% to 12%
moisture content would result in a MOE reduction of 8.3% to 1.27 x106 psi (8,756 MPa), while
Fb would remain the same. However, the standard provides a model that is ultimately valid for
adjustments within a range of 10% and 23% moisture content. As such, the adjustments made for
bending properties for moisture content testing at 6.2% are for comparison purposes and may not
truly reflect the actual reductions observed in real-world applications.
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The yellow-poplar boards were dry to a target MC of 6-8% by the manufacturer. This
target MC is used by the local industry to meet the equilibrium MC of the region, which was
corroborated by the final board and panel equilibrium moisture content. Therefore, considering
this as the equilibrium moisture content of a panel manufactured in the region, this is the
expected mechanical properties.

Table 3-5: Comparison between the calculated ASD reference design value tested layup and
ANSI/APA PRG 320-2019 (2020) published values.
Transverse layers
Layups
Fb (psi) MOE (106 psi) Longitudinal layers
YP1*
1,718
1.39
No. 2 Yellow Poplar (YP)
No. 3 YP
V1
900
1.6
No. 2 Douglas fir Larch (DL)
No. 3 DL
V1(N)
850
1.6
No. 2 Douglas Fir-Larch North
No. 3 DL North
V2
875
1.4
No. 1-2 Spruce-pine-fir (SPF)
No. 3 SPF
V3
750
1.4
No. 2 Southern Pine
No. 3 SP
V4
775
1.1
No. 2 SPF South
No. 3 SPF South
V5
850
1.3
No. 2 Hem-fir (HF)
No. 3 HF
Where: *YP1 is the current research.

In comparison, the Fb values of 1,718 psi (11.8 MPa) from yellow-poplar panels showed
values 90.9% higher than the strongest visual layups in the standard. The MOE of 1.39x106 psi
(9,584 MPa) matched or surpassed the ASD values from V2, V3, V4, and V5. As presented in
the Table 3-5, these layups are composed of different species with different properties. Even
though those species had in common one characteristic, they are all softwoods, while yellowpoplar is a hardwood. These two wood groups differ at an anatomic level. Ross (2010) published
functions to relate specific gravity to mechanical properties, and the only two properties that
softwood presents higher results than hardwoods related to SG are modulus of elasticity in static
bending and compression parallel to the grain. Although, from Table 1-2, published NDS values
of #2 yellow-poplar presented lower values in all properties than species from layups V1 and V2;
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while species from layup V4, which have similar SG, only had higher mechanical properties in
compression parallel, and perpendicular to the grain. Additionally, is noteworthy to mention that
the panels produced in this research used yellow-poplar boards available in the industry.
Hardwoods are usually commercialized with 1 inch thick, resulting in CLT panels with 0.75
inches laminations; the layups presented in Table 3-5 were produced with laminations of 1.5".
This difference in laminations could interfere when comparing these layups. However, since this
is the industry practice to produce and process hardwoods, this is the expected available
thickness for CLT laminations.
Even though these results are a good indicator of the potential for the species to be used
in CLT production, more data must be obtained. Based on the results, the published values of
yellow-poplar, and hardwoods compared to softwoods, properties such as modulus of elasticity,
bending strength, shear, planar shear, and tension should match or surpass standard, although
compression could present lower values.
These panel test results are similar to what Mohamadzadeh & Hindman (2015) reported.
Specifically, they found that yellow-poplar CLT panels made from NHLA graded lumber had
bending strength above the V1 layup minimums of PRG 320 – 2012, which was the current
standard at the time of their research. They also showed a promising bending stiffness result, but
since their bending methods were made with a smaller span and not in accordance with the
standard, they recommended the testing of the panels according to the specifications of the
ANSI/APA PRG 320-2019 (2020) to ensure their results. The current research results support the
potential of yellow-poplar in the production of CLT panels.
The panel’s modulus of elasticity (MOE) is the restricting property in comparison to
bending strength (Fb) that would prevent obtaining even higher layups from the standard.
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Therefore, it is recommended to find ways to improve MOE. An alternative to improving this
property would be to use boards with higher elasticity (MOEs and/or MOEd) in the panel
production. The board properties that compose the two outer layers showed that the YP1 layup
panels had an average MOEs of 1.7 x106 psi (11,721 MPa). According to the conclusion from
Chapter 2 (Section 2.4), the board population of low-grade yellow-poplar had more potential to
be classified based on their non-destruction evaluation rather than in visual structural grades. An
option is to promote a sorting that would maximize low-grade usage based on the nondestructive evaluation to improve the panel’s elasticity. Besides, a practice used in the
production of other structural wooden elements, i.e., LVL beams, is to reinforce even further the
outer areas of the element to increase mechanical properties. Despite using a higher grade,
NELMA No. 2, the board information from Chapter 2 (Section 2.3.3) showed a wide range of
elasticity from the structural grades. Therefore, the sorting of boards by the modulus of elasticity
in the outer layers could improve the panel’s overall modulus of elasticity.
Examples of the DIC results can be seen in Figure 3-8 and Figure 3-9. Figure 3-8 shows
the stronger panel in bending strength (YP1-6) and MOE (YP1-10) frame before failure in both
strains, tension, and compression. In Figure 3-9, the lower bending strength (YP1-3) and MOE
(YP1-2) frame after partial failure and frame before major failure are shown in tension strain.
The results indicated an expected behavior during testing, that the strains (tension and
compression) build up in the outer areas of the panel, while the center shows strains closer to
zero. These strain patterns indicate the panel reaction to the acting forces during the test. As a
response to this result, the failures modes mainly occurred in the bottom region of the panel, and
it is expected that reinforcements of the outer areas will increase the panel’s mechanical
resistance. The figures also show the differences between higher and lower MOE and Fb results.
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It is possible to notice that the YP1-2 and YP1-3, lower results of MOE and Fb respectively, had
preliminary failures before the major failure, while the YP1-10 and YP1-6 resisted the forces
until the final major failure.

Figure 3-8: The capture of the frame before major failure from the DIC system. a) YP1-10 panel
in tension strain; b) YP1-10 panel in compression strain; c) YP1-6 panel in tension strain; d) is
the YP1-6 in compression strain.
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Figure 3-9: Capture frames from the DIC system. a) YP1-2 panel in tension strain a frame after
first partial failure; b) YP1-2 panel in tension strain a frame after major failure; c) YP1-3 panel in
tension strain a frame after first partial failure; d) YP1-3 in tension strain a frame after a major
failure.

One of the expected analyzes of the DIC auxiliary tool was to highlight and identify the
strain movement across the layers and possible weaknesses in the panel’s layup. A result that
was not possible in this analysis. The lack of differentiation between layers could be the result of
the layer’s thickness or the bonding of the panels that are resisting the movement of individual
layers. The fact of not being able to recognize strain movement within the layers highlights the
bonding strength of the composite.
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The scans of the panels showed the failure pattern that happened on the bottom layer. In
seven of the ten panels, the failure occurred in the proximities of an unsound knot. In Figure
3-10, the scan of one panel, before and after fracture, can be seen.

Figure 3-10: The grouping of the images of the panel bottom layer before (1) and after (2) the
bending test.

The scanned images from the bottom layer of the panels after the bending fracture
showed a pattern of failure. Based on the images, the most common board fractures that occurred
was a combination of brittle and splintering tension failure, observed in six of the panels. The
two boards at the bottom usually broke in a similar perpendicular line to the panel, and what
differed between the two boards was the tension failure mode. The failure modes are usually a
consequence of a defect in the grain (e.g., an unsound knot usually results in a brittle failure
mode). These two different types of failures in the same region could either mean that the
bending failure would happen in that specific region, independent of the board defects due to the
panel structure and stresses, or that the knot served as a path for the failure to propagate. This
later theory could be supported by the evidence that seven out of the ten bottom failures passed
through knots. This assumption could be assessed by tracking the stresses in the bottom face of
the panel during a bending test. A DIC system aimed at the bottom of the panels during the test
could produce these results. Finally, this defect analysis could explain if the failure was caused
by a specific defect in the bottom layer or if another factor caused the failure. Suppose a bottom
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lamination defect caused the failure. In that case, the defect type and size could be identified and
used as a restriction factor in board selection and lamination sorting in future studies.

3.3.2

Bonding evaluation

Table 3-6 presents the results from cyclic delamination testing on specimens taken from
the ten panels. According to ANSI/APA PRG 320-2019 (2020), the delamination of a bond line
shall not exceed 5%. This research indicated that delamination was greater than an average of
5% in specimens from nine out of ten panels. However, these results were skewed by specimens
toward the outer regions of the panel. Those instances of high delamination failures occurred
more frequently in positions 1 and/or 3. Specifically, the number of cyclic delamination
specimens above 5% delamination by position were 6, 2, and 5 for positions 1, 2, and 3,
respectively. Additionally, the average delamination of positions 1, 2 and 3 were 9.6%, 1.8%,
and 6.0%, respectively. These results indicate that delamination results were higher in the outer
areas of the panels in comparison to central areas. Although, the one-way Analysis of Variance
(ANOVA) test showed no statistical difference between positions 1, 2, and 3 (p-value = 0.063, n
= 30). The ANOVA results are presented in the Appendix in Table 7‑1.
Before starting panel production, the moulder's blades used to surface both sides of the
boards were replaced. The moulder was set up to surface the lumber to the desired thickness of
0.75 inches (19.05 mm), following the tolerances specified by the ANSI/APA PRG 320-2019
(2020). They were not exceeding a variation of 0.008 inches (0.20 mm) across the width and/or
0.012 inches (0.31 mm) across the length of the board. These adjustments were made prior to the
first-panel preparation.
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Table 3-6: Results of cyclic delamination test for layup YP1.
YP1 Mean (%) Minimum (%) Maximum (%) St. Dev. (%)
1.1
1.3
0.0
5.2
2.6
1.2
0.0
0.0
0.0
0.0
1.3
12.8*
0.0
31.4
13.3
2.1
25.0*
0.0
50.0
28.9
2.2
1.5
0.0
5.8
2.9
2.3
6.6*
0.0
13.7
7.7
3.1
6.9*
0.0
16.0
7.0
3.2
0.0
0.0
0.0
0.0
3.3
1.3
0.0
5.2
2.6
4.1
7.3*
0.0
11.5
5.2
4.2
0.0
0.0
0.0
0.0
4.3
5.2*
0.0
16.4
7.7
5.1
11.7*
0.0
33.9
16.0
5.2
0.0
0.0
0.0
0.0
5.3
2.0
0.0
8.2
4.1
6.1
5.0
0.0
20.1
10.1
6.2
5.4*
0.0
21.6
10.8
6.3
0.7
0.0
3.0
1.5
7.1
12.0*
0.0
30.1
14.7
7.2
0.0
0.0
0.0
0.0
7.3
0.0
0.0
0.0
0.0
8.1
0.0
0.0
0.0
0.0
8.2
2.6
0.0
10.2
5.1
8.3
9.2*
0.0
36.9
18.4
9.1
26.3*
2.2
50.0
23.9
9.2
6.8*
0.0
27.3
13.7
9.3
21.8*
0.0
61.8
27.8
10.1
0.0
0.0
0.0
0.0
10.2
2.3
0.0
9.1
4.5
10.3
0.0
0.0
0.0
0.0
Where: *represents specimens that did not achieve the minimum 5% delamination failure

Delamination occurred near the ends of the panels. Since all the boards were surfaced in a
moulder prior to gluing, if board thickness variation were the main issue for poor cyclic
delamination, the location of poor results would be expected to be throughout the whole panel,
not just in the board’s outer areas. The likely issue causing poor cyclic delamination near the
ends was uneven pressure due to the press system. Specifically, given the hydraulic ram setup,
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the pressure was not as even or high near the ends of the panel, as the more centrally located ram
placement resulted in not enough pressure being transferred equally throughout the 2 inches
(50.8 mm) thick press top platen. Consequently, the uneven pressure could warp the press metal
plate to a concave shape, where the outer areas wouldn’t be pressed to the nominal pressure.
Shear block testing resulted in average shear strength of 741 psi (5.1 MPa) and an
average percentage of wood failure of 95%, between all the panels (Table 3-7). These results
showed that the bond quality of the panels was acceptable, as the average wood failure was
above the 80% requirement specified in ANSI/APA PRG 320-2019 (2020). Another standard
requirement is that 95% of the specimens had a minimum of 60% wood failure, and 95.8% had
wood failure over 60%.
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Table 3-7: Results of the shear block test for the layup YP1.
YP1
Shear Strength (psi)
Shear Strength (MPa)
Wood Failure (%)
ID #
Mean Min Max SD
Mean Min Max SD
Mean Min Max SD
1.1
834 687 889
98
5.75 4.74 6.13 0.68
94
90
95
3
1.2
695 450 878 183
4.79 3.10 6.05 1.26
100 100 100
0
1.3
759 710 852
63
5.23 4.90 5.87 0.43
98
90
100
5
2.1
877 685 1,107 221
6.05 4.72 7.63 1.52
99
95
100
3
2.2
911 800 1,139 159
6.28 5.52 7.85 1.10
100 100 100
0
2.3
899 699 1,032 154
6.20 4.82 7.12 1.06
96
90
100
5
3.1
399 152 650 226
2.75 1.05 4.48 1.56
64
20
100
42
3.2
553 409 677 110
3.81 2.82 4.67 0.76
78
10
100
45
3.3
740 566 938 163
5.10 3.90 6.47 1.12
96
95
100
3
4.1
736 567 917 145
5.07 3.91 6.32 1.00
80
40
95
27
4.82 3.96 6.25 0.99
99
95
100
3
4.2
699 575 906 144
4.3
788 579 1,170 262
5.43 3.99 8.07 1.81
99
95
100
3
5.1
525 346 720 158
3.62 2.39 4.96 1.09
95
95
95
0
5.2
545 400 639 115
3.76 2.76 4.41 0.79
98
95
100
3
5.3
808 693 924
97
5.57 4.78 6.37 0.67
99
95
100
3
6.1
869 669 994 152
5.99 4.61 6.85 1.05
99
95
100
3
6.2
677 589 864 130
4.67 4.06 5.96 0.90
99
95
100
3
6.3
628 550 704
86
4.33 3.79 4.85 0.59
100 100 100
0
7.1
717 555 866 129
4.94 3.83 5.97 0.89
100 100 100
0
7.2
664 500 862 167
4.58 3.45 5.94 1.15
100 100 100
0
7.3
755 605 930 168
5.21 4.17 6.41 1.16
98
95
100
3
8.1
764 503 987 220
5.27 3.47 6.81 1.52
79
25
100
36
8.2
869 590 1,034 200
5.99 4.07 7.13 1.38
99
95
100
3
8.3
766 378 1,221 370
5.28 2.61 8.42 2.55
98
90
100
5
9.1
1,050 627 1,445 342
7.24 4.32 9.96 2.36
100 100 100
0
9.2
823 672 994 133
5.67 4.63 6.85 0.92
100 100 100
0
9.3
699 468 902 183
4.82 3.23 6.22 1.26
95
90
100
6
10.1
731 379 1,059 352
5.04 2.61 7.30 2.43
98
90
100
5
10.2
750 571 911 140
5.17 3.94 6.28 0.97
100 100 100
0
10.3
695 516 811 141
4.79 3.56 5.59 0.97
100 100 100
0
Min
399 152 639
63
2.75 1.05 4.41 0.43
64
10
95
399
Max
1050 800 1445 370
7.24 5.52 9.96 2.55
100 100 100 1050
COV%
18
25
19
43
18
25
19
43
9
30
2
18
Total
741 550 934 174
5.11 3.79 6.44 1.20
95
86
100
7
Mean
Where: Min is minimum, Max is the maximum, COV% is coefficient of variance in percent, and
SD is standard deviation.
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Similar bonding issues were previously encountered in preliminary full-scale tests but not
in the preliminary small-scale adhesive tests, indicating issues with the methods, possibly related
to the surfacing of the boards or uneven pressure. Both issues originate from limited machinery;
considering this panels were made in a laboratory; these limitations could be expected. Although
if the industry adopted these production methods with improved machinery and controlled
parameters on surfacing and pressure, the bonding issues should be resolved. Besides, with
improved setup and controlled parameters, without the requirement of additional time to cure the
adhesive due to higher spread rate and restricting airflow, the panels could be done in a shorter
time. The adhesive was tested and certified to a curing time of 1 hour, times that would increase
production considerably.
The main goal of this chapter was to investigate the capacities of low-grade yellowpoplar on CLT panels, and the mechanical test showed results according to standard, surpassing
initial expectations. Furthermore, sorting the material according to NDE showed improvements
in Glulam beams and could be used to produce even better results.
Finally, this research focused on using low-grade yellow-poplar, commonly used in the
Appalachian region as pallet material, to produce CLT panels. This material was sorted by
adapting visual structural grading from softwoods described in ANSI/APA PRG 320-2019
(2020). The panels produced were tested in flatwise bending, resulting in mechanical results of
bending strength and modulus of elasticity that matched or surpassed currently published layups.
Therefore, based on the findings of this research, low-grade yellow-poplar showed potential to
be used in the production of CLT panels. Although conditionally to adding this material to the
current standard and having its commercialization approved, additional testing of other
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mechanical properties and minor direction must be done before submitted to the standard
committee.

3.4

CONCLUSIONS

From the production and testing of CLT panels produced from NHLA low-grade yellowpoplar sorted by NELMA visual grade, the following conclusions were made:
Results of cyclic delamination showed delamination above the 5% requirement in
specimens from 9 out of 10 panels or in 13 out of the 30 specimens tested. Delamination over
5% was mostly found in outer areas of the panels, 84.6% of the specimens, indicating
manufacturing issues, most likely uneven press pressure. The shear block specimens showed
results above standard requirements with an average wood failure of 80%, and 95% of specimens
had an average wood failure of 90%. These bond quality evaluations showed the necessity of
parameters control in CLT panels production. Additionally, the bonding results opposed the
preliminary tests and references of the bonding capacity of yellow-poplar and the adhesive,
suggesting method issues that could be avoided in an industrial setup with controlled parameters.
Even with these bonding results, the mechanical tests did not show bonding failures, indicating
they were not affected by the bonding results found.
Flatwise bending test results showed an average Fb of 5,687 psi (39.2 MPa), and an average
MOE of 1.39 x106 psi (9,550 MPa) in the major strength direction. The calculated ASD
reference design values results indicated that using NELMA Grade No. 2 and No. 3 in the
parallel and perpendicular orientations, respectively, can produce CLT panels that exceeded
listed Fb ASD values for all V, V2, V3, V4, and V5 type CLT panel layups provided in
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ANSI/APA PRG 320-2019 (2020). Given these results, low-grade yellow-poplar shows potential
for use in the production of CLT panels. However, additional investigation is warranted to
evaluate other major properties and to fully assess the suitability of NELMA Grade No. 2 and
No. 3 yellow-poplar lumber in the parallel and perpendicular orientations within CLT panels.
Additionally, research into alternative sorting via non-destructive proof load evaluation may help
improve both bending strength and modulus of elasticity for yellow-poplar CLT panels.
Furthermore, low-grade yellow-poplar is almost considered a surplus, and the option of using the
material in a high-end engineered wood product could entail subsidiary incentives for the
industry to produce these wooden panels. Although the commercialization of this product is
conditional on standard approval and mechanical tests are required for the ANSI/APA PRG 3202019 (2020) addition.
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4

CROSS-LAMINATED TIMBER PANELS PRODUCED FROM LOW-GRADE

NON-STRUCTURAL YELLOW-POPLAR SORTED BY NON-DESTRUCTIVE
EVALUATION

ABSTRACT
The US lumber industry developed grading rules to classify their lumber product to manufacture
and market a uniform and consistent quality product. Visual grading is the most common grading
system applied to lumber. However, visual grading evaluation does not effectively reflect the
modulus of elasticity in the flatwise orientation, which can be quickly determined using nondestructive evaluation (NDE) methods (e.g., proof loading or stress wave evaluation). Building
upon Chapter 2, the most frequent grade was boards graded Below Grade, and according to
Northeastern Lumber Manufacturer's Association (NELMA) rules, these boards are not suitable
for structural use. Also, from Chapter 2, the distribution of static modulus of elasticity (MOEs)
from all the grades showed potential for CLT usage, including Below Grade, which showed an
average MOEs of 1.61 x106 psi (11,100 MPa). In addition, in Chapter 3, low-grade yellow-poplar
showed potential to be used as raw material for CLT panels. Therefore, the objective of this
research was to evaluate full-scale CLT panels produced from NELMA Below Grade yellowpoplar lumber sorted by NDE and compare their bending properties in the major strength
orientation to listed values of stress-rated layups (E) from ANSI/APA PRG 320-2019 (2020). For
optimizing the panel layup, the MOEs population distribution was assessed and divided into three
groups, below 1.2 x106 psi (8,274 MPa), between 1.2 x106 psi and 1.65x106 psi (11,376 MPa),
and above 1.65 x106 psi. For maximizing the CLT panel resistance, the layup consisted of boards
with MOEs values equal to or above 1.65 x106 psi in external layers. Inner layers (at or near the
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neutral axis) consisted of MOEs values between 1.2 x106 psi and 1.65x106 psi. The MOEs of 1.65
x106 psi and higher represent the top 40% of the population, so it was chosen to be used in
external layers of a five-layer panel (2 layers out of 5). A total of ten panels were produced with
dimensions of 3.75 inches thick x 18 inches wide x 120 inches long (95 mm x 460 mm x 3,050
mm). To evaluate the panels, flatwise bending, shear block and cyclic delamination tests were
performed in accordance with ANSI/APA PRG 320-2019 (2020), with the same methods used in
Chapter 3 to allow comparison between layups. The results of the bonding tests indicated that the
average delamination was over 5% in 10 out of 30 specimens. The main areas of concern were
concentrated in outer areas (9 out of 10 in outer specimens) of the panels. The shear block results
were found to be in accordance with standard requirements, as the average wood failure was over
95%, and 95% of the specimens had at least 74.5% of wood failure. The bonding results were
found to be similar to those in Chapter 3, indicating that the press setup was likely influencing
these results as well. The bending results showed 19% higher Fb than the published value in the
ANSI/APA PRG 320-2019 (2020) for stressed-rated lumber (E1 and E4) and 35% higher than
the Chapter 3 (YP1). The MOE values with 1.56 x106 psi (10,756 MPa) were only lower than E1
and E4 layups. These results suggest that there are potential opportunities to utilize yellowpoplar lumber that does not meet a visual structural grade under NELMA rules and the potential
for the classification of the lumber according to NDE based on MOEs results.
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4.1

INTRODUCTION

The visual grading was developed to ensure the quality of commercialized lumber. The
Northeastern Lumber Association Manufacturers - NELMA (2013) grading rules are the
standard methods used for yellow-poplar lumber when graded for structural purposes according
to National Design Specification (NDS) (American Wood Council, 2018). This set of rules
provides the expected mechanical properties of the species, applying strength reductions to clear
wood grain based on the presence and location of defects.
Another way to evaluate lumber is through mechanical tests that do not damage the
boards, and an example of that is proof loading. This technique could work in sorting the boards
of yellow-poplar because it identifies boards MOE, and based on the previous panels, this was
the main bending property that could be improved, while the Fb reached design values above
standard publication.
A technique to ensure the mechanical properties of composites was tested by Cunha &
Matos (2011). The authors tested Glulam beams comprised of two groups: randomly selected
and sorted boards that were evaluated non-destructively by using a stress wave timer from
Metriguard to estimate the board’s dynamic modulus of elasticity (MOEd). The results of the
research concluded that the bending properties differed statistically between groups, suggesting
the efficiency of MOE sorting of the boards (Cunha & Matos, 2011). Moody et al. (1993)
produced yellow-poplar Glulam beams by selectively placing boards based on their MOE in the
outer layers of the beams. These results suggest that selecting and sorting yellow-poplar boards
by their MOE improved the sorting methods of Glulam beams. Similar sorting could be used to
increase the mechanical properties of CLT panels as well.
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Comparing visual grading and machine stress-rating of lumber (MSR), MSR systems can
identify and quantify a direct measurement of mechanical properties (Green et al., 1993). From
the distribution of boards from the low-grade yellow-poplar shown in Chapter 2 (Section 2.3.3),
the amount of lumber that achieved the minimal requirement of MOE 1.2 x106 psi (8,274 MPa)
was approximately 96% of the population. If this low-value material could be used for CLT
production, the sawmill industries could have an economic advantage. The usage of this
accessible material could play a determinant role in establishing CLT panel production in the
Appalachian region.
To assess the viability of using 96% of the population of low-grade yellow-poplar to
produce CLT panels, the lower end of the distribution should be tested. While boards MOE
could be used to sort the boards, another limiting factor is the board's structural visual grades, in
this research NELMA. The viability of sorting yellow-poplar boards simply by MOE can be
evaluated by using the lowest visual structural grade to exemplify the worst-case scenario, and
the boards with the lowest structural grade were boards Below Grade. Therefore, to evaluate the
effectiveness of sorting boards based on MOE, only the population of Below Grade boards was
used.

4.1.1

Objective and hypotheses

Low-grade (NHLA) yellow-poplar lumber showed potential to produce CLT panels,
based on conclusions from Chapter 3 (Section 3.4), but the raw material still needs mechanical
assessment to be used in the panel production. From conclusions from Chapter 2 (Section 2.4), a
larger percentage of boards showed favorable NDE (above 1.2 x106 psi or 8,274 MPa) than
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NELMA grade (above grade No. 3). Therefore, the objective of this research chapter was to
evaluate full-scale CLT panels produced from NELMA Below Grade yellow-poplar sorted by
non-destructive evaluation and compare their bending in major strength direction to Chapter 3
layup and stress-rated (layups called E) layups published in ANSI/APA PRG 320-2019 (2020).
The hypotheses of this research chapter were:
1) The CLT panels produced from yellow-poplar will have a bending strength and modulus
of elasticity (MOE) similar to stress-rated (E) layups from ANSI/APA PRG 320-2019
(2020). The CLT panels will present, in the major direction, a Fb of at least 1,200 psi
(8.27 MPa) and a MOE of at least 1.2 x106 psi (8,274 MPa).
2) The CLT panels produced from yellow-poplar will have adequate bonding performance
to meet ANSI/APA PRG 320-2019 (2020) requirements. The results of the cyclic
delamination test will show average delamination under 5% of all bond lines. The results
of shear block tests will show a combined average of 80% wood failure from all
specimens tested and 95% of all the specimens tested with wood failure above 60%.
3) The CLT panels produced from Below Grade NELMA grade sorted by their MOEs will
present bending properties in the major direction similar to the previous research layup
(YP1) with Fb around 1,718 psi (11,845 MPa) and MOE around 1.39 x106 psi (9,584
MPa).
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4.2

4.2.1

MATERIAL AND METHODS

Materials

The boards used in this study were yellow-poplar from the same population as the
previous chapters. The boards were graded NHLA No. 2A, No. 2B, No. 3A, and No. 3B.
Although, the boards selected for the panel were graded NELMA Below Grade (BG), meaning
boards that did not achieve any visual structural grade according to NELMA rules. These BG
boards were sorted based on their static MOE (MOEs) obtained by non-destructive proof loading
evaluations performed in Chapter 2 (Section 2.2). The five-layer panels were made from boards
that had MOEs above 1.65x106 psi (11,376 MPa) in the two outside layers, and boards with
MOEs between 1.2 and 1.65x106 psi (8,274 and 11,376 MPa) were used in the three inner layers
of the panel. This range of MOEs was selected because 1.65x106 psi (11,376 MPa) value was
about the top 40% of the Below Grade boards, and 1.2x106 psi (8,274 MPa) the minimal MOE
requirement of the ANSI/APA PRG 320-2019 (2020). The choice of using the top 40% was
made to study the possibility of using all the boards available in the population, except for boards
with MOEs below 1.2 x106 psi (8,274 MPa), in the production of five-layer CLT panels. The set
of CLT panels made in this chapter was labeled YP2 and is shown inFigure 4-1.
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Figure 4-1: The layup for the panels tested in this chapter (YP2).

4.2.2

Methods

The methods used to obtain the boards’ static MOE, dynamic MOE, and specific gravity
was the same as the methods described in Chapter 2 (Section 2.2) and 3 (Section 3.2). The
production methods of the panels were the same as the methods described in Chapter 3 (Section
3.2). Even knowing the bonding issues found in Chapter 3, this choice of keeping the production
methods from the previous chapter allowed direct comparison between layups. The theoretical
and experimental analyzes of the panels MOE was the same as in Chapter 3 (Section 3.2). The
testing methods and analyzes of the results were similar to Chapter 3, but cyclic delamination
sampling was modified for this chapter. Based on the findings from Chapter 3 (Section 3.3.2),
where the bonding issue could be caused by the lack of pressure in the outer areas of the panel,
inner specimens were taken for cyclic delamination to assess that assumption. So, when
preliminary gaps were identified in an outer delamination specimen, the next 3 inches block was
taken, producing the specimens from the area closer to the center of the panel, and the process
was repeated in case of the same issue occurred again. Different distances from the end of the
panels were taken to explain the issues with Chapter 3 manufacturing regarding the pressure
variation across the press plates.
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Different analyses of the panel’s properties were done by comparing average board
properties in different panel locations (layer or layers). The different positions are shown in
Figure 4‑2.

Figure 4-2: Selected areas used to assess board properties influence in the CLT panels.
Where: “A. All” is the average of the whole panel; “B. Avg” is the average of the major direction
layers of the panel; “C. 2ex” is the average of the 2 external layers; “D. 2bot” is the average of
the 2 bottom major direction layers of the panel; “E. Bot” is the average of the bottom layer of
the panel.

These selected areas were chosen in an attempt to understand if any areas correlate with
the CLT panel bending strength (Fb) and modulus of elasticity (MOE). These analyses were only
possible because the board placement in the panel was tracked and recorded, allowing for
identifying which boards were being tested in the bending specimen of each panel. The
properties from each of the boards used are their MOEs, MOEd, and specific gravity (SG).
Additionally, except for the selection area “All,” the board data used was from the bending
specimens cut from the panel, meaning the two boards wide that compose the specimen, as
represented in Figure 4-2.
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4.3

4.3.1

RESULTS AND DISCUSSION

Bending results

Table 4-1 shows the results from flatwise third-point bending tests of the CLT specimens.
Load versus deflection graphs is shown in Figure 7‑2 of the Appendix.

Table 4-1: Results of the bending test for YP2 test specimens.
MOE
Ultimate Load
Fb
YP2
6
ID#
lbs
kN
psi
Mpa
10 psi Mpa
YP2-1
10,154 45.2
6,988 48.18
1.65
11,376
YP2-2

8,298

36.9

5,760

39.71

1.42

9,791

YP2-3
YP2-4

10,055
10,432

44.7
46.4

7,080
7,126

48.81
49.13

1.71
1.37

11,790
9,446

YP2-5

7,992

35.6

5,590

38.54

1.47

10,135

YP2-6

8,369

37.2

5,713

39.39

1.5

10,342

Failure mode
Splintering Tension
Splintering +
Simple Tension
Simple Tension
Simple Tension
Cross-grain
Tension
Cross-grain
Tension
Simple Tension
Simple Tension
Simple Tension
Simple Tension

YP2-7
10,287 45.8
7,213 49.73
1.66
11,445
YP2-8
9,737
43.3
7,113 49.04
1.52
10,480
YP2-9
8,659
38.5
6,062 41.80
1.59
10,963
YP2-10
11,733 52.2
8,176 56.37
1.71
11,790
Mean
9,572
42.6
6,682 46.07
1.56
10,756
Min
7,992
36
5,590 38.54
1.37
9,446
Max
11,733
52
8,176 56.37
1.71
11,790
5th perc
8,130
36.2
5,645 38.92
1.39
9,601
ST.DEV.
1,198
5.33
851
5.87
0.12
838
COV (%)
13
13
8
*1.000.000 psi = 6895 MPa; ST.DEV. is the standard deviation; COV is the coefficient of
variance.

The average MOE and Fb results of YP2 were considerably higher than YP1, specifically
12% for MOE and 17% for Fb. The differences between the two layups were their MOEs and
NELMA grades. Based solely on the NELMA grade difference between the two layups, it was
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expected that using Below Grade lumber would result in lower values than when using No. 2 and
No. 3 structurally graded lumber as done in Chapter 3 (YP1). The higher strength and elasticity
when using these Below Grade boards were attributed to the strength limiting defects within the
boards. The results in

Table 2-1 (Chapter 2) indicated that a large amount of Below Grade lumber in this
population was limited by splits and knots. While these defects influence individual board
properties, the influence of these individual defects is reduced when placed within a composite.
Also, these limiting defects are typically assigned based on using lumber in an edge-wise
orientation. However, in this research, the boards are being used in a flat-wise orientation. The
strength limiting defects for the Below Grade boards used in these panels was further
investigated to quantify the defects within each YP1 and YP2 panel using the data from Chapter
2. Splits were 50% of all the defects present in the outer boards of YP2, followed by knots
(20%), shake (20%), slope of grain (5%), and wane (5%). Differently than YP1, which had 77%
of knots in outer boards, followed by splits (15%), shake (5%), and slope of grain (3%). This
defect characterization helps explain the mechanical differences between these layups.
Specifically, it appears that YP1 panels had knots within the outer layers, while YP2 panels had a
majority of splits in the outer layers. There is a likelihood that if these splits were not present, the
Below Grade lumber might have even made a higher grade (e.g., No. 1 or Select Structural), and
this could help explain the higher strength and elasticity in YP 2 panels. More research is
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warranted to evaluate the influence of strength limiting defects and structural visual grades on
CLT panels, especially when used in flatwise (i.e., plank) orientations.
The calculations of the properties are also shown in Table 4-2 and the equations below.
The theoretical effective bending stiffness and effective bending strength were calculated and
shown in Table 4-3, as well as the experimental results. The theoretical bending strength couldn’t
be calculated due to the lack of published Fb from NELMA Below Grade. The difference
between calculated and experimental values is given due to, among other reasons, the safety
coefficients that are applied to the theoretical values and that the theoretical calculation do
minimize the effect of minor direction forces.

Table 4-2: Effective bending stiffness calculations.
z
(Ebh3)/12
Eaz2
Layer
E
6
2
2
(10 lbf/in )
(in)
(lbf-in )
(lbf-in2)
1
1.65
1.5
0.696
33.4125
2
0.04
0.75
0.017
0.2025
3
1.2
0
0.506
0
4
0.04
0.75
0.017
0.2025
5
1.65
1.5
0.696
33.4125
Total
* b is 12 inches, h is 0.75 inches.

69.2
?
(

)

(0- ?)

2

9

, ,+

, ,+

0-

U
12
9

10K L9M − NO' PQR M: SM TNU:ℎ

2 69.2
1.65 3.75

*ℎ

6

1. 56
U'

Sum of Layer
(10 lbf-in2/ft of width)
34.1
0.2
0.5
0.2
34.1
69.2
6

22.367 NO PQR M: SM TNU:ℎ

52.73

2329

82.26

2.34

10K

L9M
PQR M: SM TNU:ℎ
NO'

5240 L9M − M: PQR M: SM TNU:ℎ

*”b” is 12 inches and “d” are 3.75 inches.
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Table 4-3: The theoretical and experimental results from the yellow-poplar CLT panels.
Bending properties
Theoretical value
Experimental value
EIeff (106 lbf-in2/ft of width)

69.2

82.26

FbSeff (lbf-ft/ft of width)

n/a

5240

* EIeff is effective bending stiffness and FbSeff is effective bending strength.

In Table 4-4 the characteristic values of the current chapter are shown as well as the
values of layups from Chapter 3 and ANSI/APA PRG 320-2019 (2020). The comparison of the
data from the Table 4-4 showed that the values from the current layup (YP2) presented a Fb of
19% (2,329 psi or 16.06 MPa) higher than the higher Fb value in the standard (E1 and E4). The
MOE values from the YP2 panels were only below the layups E1 and E4 (1.56 x106 psi or
10,756 MPa).

Table 4-4: Characteristic values of tested layup, prior layup, and the published standard layups.
MOE
Layups Fb (psi)
Longitudinal layers
Transverse layers
(106 psi)
YP2
2,329
1.56
Below Grade YP; E> 1.65e*
BG YP; 1.2e>E>1.65e*
YP1
1,718
1.39
No. 2 Yellow-poplar (YP)
No. 3 YP
V1
900
1.6
No. 2 Douglas fir Larch (DFL)
No. 3 DFL
V1(N)
850
1.6
No. 2 Douglas fir-Larch North
No. 3 DFL North
V2
875
1.4
No. 1-2 Spruce-pine-fir (SPF)
No. 3 SPF
V3
750
1.4
No. 2 Southern Pine
No. 3 SP
V4
775
1.1
No. 2 SPF South
No. 3 SPF South
V5
850
1.3
No. 2 Hem-fir (HF)
No. 3 HF
E1
1,950
1.7
1950f-1.7E SPF
No. 3 SPF
E2
1,650
1.5
1650f-1.5E DL
No. 3 DL
1200f-1.2E Eastern, Northern,
No. 3 ENWS
E3
1,200
1.2
Western softwoods (ENWS)
E4
1,950
1.7
1950f-1.7E SP
No. 3 SP
E5
1,650
1.5
1650f-1.5E HF
No. 3 HF
* e is x106 psi.
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Using ASTM D1990 (ASTM, 2019) to adjust panels properties from 6.2% to 12%
moisture content would result in a MOE reduction of 8.3%, 1.43 x106 psi (9,859 MPa), while Fb
would remain the same. The bending properties coefficient of variance of YP2, when compared
with the YP1 set of panels, were lower. This change in deviation could result from several
factors that were not isolated in the panel design. From the results of Chapter 3 (Section 3.3.1),
there was a higher variation in the board’s static MOE used in the panels. This higher variation
would lead to a higher coefficient of variability than the panels where the boards were selected
based on a specific range of static MOE. This result suggests that selecting boards based on nondestructively assessed MOEd via proof loading produced more consistent panels than visual
grading selection for low-grade yellow poplar.
Material visually classified as low-grade producing composites with high variability had
been reported in the past; Kunesh (1978) found a lack of consistency in parallel-laminated veneer
produced with veneers graded “C” and “D”. And as a response, NDE was used as a solution for
this variability. Sharp (1985) produced LVL panels sorted by MOE from NDE and managed to
decrease strength and elasticity variability compared to visual grading.
In comparison with the Chapter 3 (Section 3.3.1), the panels from this layup showed
significant statistical difference in MOE (p-value = 0.00158, n = 10, appendix Table 7‑4) and Fb
(p-value = 0.02669, n = 10, appendix Table 7‑3).
Mohamadzadeh & Hindman (2015) researched CLT panels from yellow-poplar No. 2
Common divided into a high presence of defects and a low presence of defects. Results showed
stronger values of Fb and MOE in bending in the panels with fewer defects. These authors found
different results regarding the visual selection of the boards that compose a panel. Considering
that the YP1 layup had better visual grades and lower CLT panels bending properties than the
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current one (YP2>YP1), it indicates that sorting by MOE can override the defects differences
between No. 2 and Below Grade. If low-grade yellow-poplar becomes raw material for the
production of CLT panels, these findings suggest that NDE should be implemented as a sorting
method.
Sorting boards by their MOE in outer layers are common in Glulam beams. Janowiak et
al. (1997) sorted boards in the making of red maple Glulam beams and was able to improve Fb
and MOE of the beams by dividing the beam into the outer and core section and placing stressrated boards with higher MOE and smaller defect size in the outer layers of the beam. Moody et
al. (1993) used a similar sorting system to produce yellow-poplar Glulam beams with outermost
layers with MOE of 2.0 x106 psi. The value of MOE is above the one used in this research of
1.65 x106 psi (11,376 MPa), which indicates that there is room for improvement of the yellowpoplar panels’ composition.
Hernandez et al. (1997) sorted boards by stress rate and added glass fiber reinforced
plastic to reinforce yellow-poplar Glulam beams. The authors compared the effects of
reinforcement of two layers; in one layup, they reinforced the two outer layers, and in another
layup, they reinforced the two bottom layers. This experiment showed that increasing the
resistance in two bottom layers improved bending strength while reinforcing the two outer layers
improved MOE. Based on the values collected in this research for the bending compared to the
ANSI/APA PRG 320-2019 (2020), the bending strength of our panels is above the published
ones, but the MOE could be improved. Therefore, if reinforcement is done, it should be in the
two external layers of the panels.
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Table 4-5 shows the differences between MOEs, MOEd, and SG, in different positions of
the panels from layup YP1 and YP2. The values are the averages of the board’s properties in
different panel positions, position shown in the Figure 4‑2.

Table 4-5: ANOVA test between board properties in different regions between YP1 and YP2.
F
F crit p-value
Property
Average COV
YP1_MOEd.avg
1.6330 10% 0.3702 4.4139 0.5505
YP2_MOEd.avg
1.6678
4%
YP1_MOEd.2bot 1.6063 10% 0.1275 4.4139 0.7252
YP2_MOEd.2bot 1.6265
4%
YP1_MOEd.2ex
1.6365 11% 3.9885 4.4139 0.0612
YP2_MOEd.2ex
1.7660
5%
YP1_MOEd.bot
1.5865 12% 7.7601 4.4139 0.0122*
YP2_MOEd.bot
1.7815
6%
YP1_MOEd.all
1.6474
5%
8.0463 4.4139 0.0109*
YP2_MOEd.all
1.5677
2%
YP1_MOEs.avg
1.6824
8%
0.5448 4.4139 0.4700
YP2_MOEs.avg
1.7161
2%
YP1_MOEs.2bot 1.6568
9%
0.1533 4.4139 0.7000
YP2_MOEs.2bot 1.6761
3%
YP1_MOEs.2ex
1.7007
9%
6.3820 4.4139 0.0211*
YP2_MOEs.2ex
1.8340
3%
YP1_MOEs.bot
1.6680 11% 9.1431 4.4139 0.0073*
YP2_MOEs.bot
1.8720
6%
YP1_MOEs.all
1.6474
4% 14.2423 4.4139 0.0014*
YP2_MOEs.all
1.5677
2%
YP1_SG.avg
0.4528
7%
0.3383 4.4139 0.5680
YP2_SG.avg
0.4599
5%
YP1_SG.2bot
0.4510
6%
0.0123 4.4139 0.9129
YP2_SG.2bot
0.4522
5%
YP1_SG.2ex
0.4455
9%
2.8937 4.4139 0.1061
106

YP2_SG.2ex
0.4722
6%
YP1_SG.bot
0.4347
9%
4.3752 4.4139 0.0509
YP2_SG.bot
0.4693
7%
YP1_SG.all
0.4612
4%
1.9618 4.4139 0.1783
YP2_SG.all
0.4510
3%
*Properties with statistically significant difference in a confidence level of 95% (n= 10).

ANOVA tests were performed between panels for each property per area/position to
investigate differences between properties. From all the properties per position displayed in
Table 4-5, the panel’s properties that were statistically different are: “MOEd.all”, “MOEs.all”,
“MOEs.bot”, “MOEd.bot” and “MOEs.2ex”. The average MOE and Fb are also statistically
significantly different between panels. None of the other panels’ properties were statistically
significantly different between panels. More analyzes on the board properties and the panel
properties are shown in Figure 4‑3 (properties related to the dynamic MOE), Figure 4‑4
(properties related to the static MOE), and Figure 4‑5 (properties related to the specific gravity).
These figures show histograms, scatter plots and correlation coefficient (p-values) between
properties and panels MOE and Fb. In the correlation analyses of MOEs and MOEd the position
with perpendicular boards "all" was not analyzed. The analysis was omitted, as the MOEs and
MOEd were measured longitudinal to grain, while in the flatwise bending test of the CLT
specimen, these boards were oriented perpendicular and loaded in a transverse to grain mode.
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Figure 4-3: The chart of scatter plot, histogram, and correlation between boards average dynamic
MOE in different panels layers and the bending results.
The diagonal shows the variable and their histogram distribution; the lower diagonal shows the
bivariate scatter plots with a trend line; upper diagonal shows correlation between variables and
their significant levels, where p-values are: “***”= 0 and 0.001, “**”= 0.001 and 0.01, “*” =
0.01 and 0.05, “.” = 0.05 and 0.1, “ “ = 0.1 and 1.
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Figure 4-4: The chart of scatter plot, histogram, and correlation between boards average static
MOE in different panels layers and the bending results.
The diagonal shows the variable and their histogram distribution; the lower diagonal shows the
bivariate scatter plots with a trend line; upper diagonal shows correlation between variables and
their significant levels, where p-values are: “***”= 0 and 0.001, “**”= 0.001 and 0.01, “*” =
0.01 and 0.05, “.” = 0.05 and 0.1, “ “ = 0.1 and 1.
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Figure 4-5: The chart of scatter plot, histogram, and correlation between boards average specific
gravity in different panels layers and the bending results.
The diagonal shows the variable and their histogram distribution; the lower diagonal shows the
bivariate scatter plots with a trend line; upper diagonal shows correlation between variables and
their significant levels, where p-values are: “***”= 0 and 0.001, “**”= 0.001 and 0.01, “*” =
0.01 and 0.05, “.” = 0.05 and 0.1, “ “ = 0.1 and 1.

The areas/positions in the panel that had a higher correlation with Fb was the average
dynamic MOE from the two outside layers of the panels (MOEd.2ex), and with MOE was the
average static MOE in the bottom layer (MOEs.bot). The correlation between the average board
and panel properties was shown to understand the effects of board selections in panel
composition. The highest correlation was between Fb and the average dynamic MOE in the two
outside layers (MOEd.2ex). The board dynamic MOE properties did not show a statistically
significant difference between YP2 and YP1 and, therefore, would not be a good predictor of the
panels differing in Fb. The second highest correlation with Fb was static MOE in the two outside
layers (MOEs.2ex) with 0.63 (p-value between 0.001 and 0.01). This later property was
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statistically significantly different between the two layups. Therefore, from these sets of panels,
the property that showed potential to be used to predict panels Fb is MOEs.2ex. The correlation
between panels MOE and with the properties measured, the highest was static MOE in the
bottom layer, which statistically significantly differed between the panel’s layups. The
correlation analysis will be continued in the following chapter, and it is expected that the analysis
will be more accurate with more repetitions. The implications of having this information can
grant the industry the capacity to create models to predict the mechanical properties of the final
products based on the raw material, allowing the planning and production of customized panels
from the boards used.
It is noteworthy to mention that the average MOEs and MOEd of all boards that
composed the panels statistically significantly differed between YP1 and YP2 (YP1>YP2),
although the bending results showed higher results from YP2 than YP1. These results reinforce
the efficiency of sorting board by MOEs.
The static MOE values from the boards’ population graded BG by NELMA showed a
normal distribution according to Skewness and Kurtosis tests. The choice of 1.65 x106 psi
(11,376 MPa) static MOE in the outside layers was because it represented about the 60th
percentile of the population, meaning that 40% of the boards showed static MOE above this
value. This percentage was chosen to maximize the usage of boards in five-layer CLT panels
since 40% represents the two outside layers and 60% represents the three inner layers. Therefore,
it is possible to affirm that, except for boards below 1.2 x 106 psi (8,274 MPa), 29 boards out of
495 boards (about 6% of the BG population), all the boards from this population of nonstructural visual graded lumber could be used in the production of the panels if the same methods
are followed. If methods are reproduced, the results would be similar to the ones described in this
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chapter. Besides that, if the boards with a higher visual grade are considered stronger than the
ones tested, then the percentage of boards from the low-grade yellow-poplar population that
could be used in the production of CLT panels will be 96%.
Figure 4-6 presents examples of the DIC evaluation of bending. The image shows a
similar result to those in Chapter 3 (Section 3.3.1), showing that the major strain develops
through the outer areas and is more commonly present in the bottom area of the panel.
Additionally, the figure shows a similar result from the previous set of panels, that the lower
bending strength result (specimen YP2-5) had a preliminary failure before the major failure.
Although it was expected that since the YP2 set of panels was produced from boards with more
defects, this tendency would increase in comparison to the YP1 set of panels, as the lower MOE
specimen from the set (YP2-4) did not present preliminary failure.
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Figure 4-6: The capture of the frame before major failure from the DIC system. a) YP2-5 panel
in tension strain; b)YP2-5 panel in compression strain; c) YP2-4 panel in tension strain; and d)
YP2-4 in compression strain.

The most common failure that happened in six out of ten panels was simple tension,
followed by two instances of cross-grain tension and two splintering tension failures. And only
three of the panels had a preliminary failure before the major failure.
Different defects can downgrade a board visually to BG, and the scan analyses show that.
Figure 4‑7 shows the higher (YP2-10) and the lower (YP2-5) bending strength. It is possible to
see from the images that both pairs of boards used in the bottom face are similar. The defects are
present in outer areas across the length and edge defects on the outer width. The presence of this
defect does not explain the differences in panels Fb. What seems to occur is that the composite
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nature of the CLT panels minimized the effects of the board’s individual defects. Further
analyses to assess the effects of individual board defects in a CLT panel can be done by using
and comparing a more comprehensive range of structural visual grades.

Figure 4-7: Scan images of panels YP2-10 (1) and YP2-5 (2) after bending failure.

4.3.2

Bonding Evaluations

Cyclic delamination above 5% was more frequently found in the outer areas of the panel
(Error! Reference source not found.), which was similar results as Chapter 3 (Section 3.3.2).
Seven out of the ten panels showed specimens with delamination above 5%. Ten out of 30 tested
specimens showed delamination above 5%, with one specimen from position 2 (i.e., the center of
the panel). The average delamination of the positions was: 6.4%, 1.5%, and 6.8% for positions 1,
2, and 3, respectively. The results of the ANOVA test (Table 7-2) showed no significant
statistical difference (p-value = 0.146, n = 30) between average delamination percentages of
positions 1, 2, and 3.
Some cyclic delamination specimens were taken from the inner areas of the panel to
achieve samples without initial gaps. Specifically, specimens 1.1, 1.3, 2.1, 3.3, 4.3, 5.1, 6.3, 7.1,
9.1 were collected from areas closer to the center. The exact distance is shown in Table 4-6.
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The production methods applied on this set of panels were the same as in Chapter 3, and
the same delamination results patterns occurred. Some panels showed delamination into the ends
of the panels, probably the result of uneven pressure during the pressing of the panels.
Additionally, the board's thickness was not measured before the panel production. The moulder
was set up and tested during preliminary panels, and since the board's thickness was according to
requirements, it was assumed that the boards would keep consistency in thickness. In retrospect,
all the used boards should have been measured to identify the presence of variation in board
thickness.
With the same manufacturing parameters, such as the adhesive application, spread rate,
and nominal pressure, it is safe to affirm that the bonding of the two sets of panels was similar.
Therefore, the change of board grade (defect presence) did not affect the bonding of the panel
according to bond quality tests from ANSI/APA PRG 320-2019 (2020).
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Table 4-6: Cyclic delamination results of layup YP2.
Center Distance
(inches)
(mm)
1.1
22*
0
68
31
42
1,067
1.2
2
0
7
4
0
0
1.3
7*
0
14
8
45
1,143
2.1
16*
0
31
14
45
1,143
2.2
1
0
5
2
0
0
2.3
15*
0
48
23
51
1,295
3.1
0
0
0
0
51
1,295
3.2
0
0
2
1
0
0
3.3
0
0
0
0
39
991
4.1
6*
0
22
11
51
1,295
4.2
0
0
0
0
0
0
4.3
1
0
5
3
45
1,143
5.1
9*
0
25
12
48
1,219
5.2
0
0
0
0
0
0
5.3
12*
0
49
24
51
1,295
6.1
1
0
2
1
51
1,295
6.2
0
0
0
0
0
0
6.3
4
0
16
8
42
1,067
7.1
9*
0
34
16
48
1,219
7.2
4
0
17
9
0
0
7.3
1
0
6
3
51
1,295
8.1
0
0
0
0
51
1,295
8.2
0
0
0
0
0
0
8.3
4
0
11
5
51
1,295
9.1
1
0
3
2
48
1,219
9.2
7*
0
27
14
0
0
9.3
0
0
0
0
51
1,295
10.1
1
0
2
1
51
1,295
10.2
0
0
0
0
0
0
10.3
24*
0
60
27
51
1,295
*represents specimens that did not achieve the minimum 5% delamination failure
YP2 Mean (%) Minimum (%) Maximum (%) St. Dev. (%)

Cyclic delamination results showed average delamination below 5% in some specimens
with a distance of 51 inches (1,295 mm) from the center and average delamination above 5% in
samples from the center of the panel. These results suggest that uneven pressure in the outer
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areas of the press is not the only issue in panel production. Other manufacturing issues could
influence the panel's bonding results, such as board surfacing and preparation.
The average wood failure in all the specimens was 97% (Table 4-7), above the standard
requirement of 80%. Furthermore, 95% of the specimens showed a wood failure of at least
74.5%, above the standard requirement of 60%. This shows that the results for the shear block
evaluation were satisfactory, contrary to the cyclic delamination evaluation. These results are
important, as they indicate that adhesive bonding did not influence the bending test results as the
failure under non-cyclic conditions was within the wood, not the adhesive bond line.
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Table 4-7: Results of the shear block test performed in YP2.
YP2
Shear Strength (psi)
Shear Strength (MPa)
Wood Failure (%)
ID#
Mean Min Max SD
Mean Min Max SD
Mean Min Max SD
1.1
566
487 713 101
3.9
3.4
4.9
0.7
100
100 100
0
1.2
771
568 1,258 327
5.3
3.9
8.7
2.3
100
100 100
0
1.3
705
247 1,010 354
4.9
1.7
7.0
2.4
81
35
100 31
2.1
677
571 790
90
4.7
3.9
5.4
0.6
99
95
100
3
2.2
552
452 635
76
3.8
3.1
4.4
0.5
89
75
100 13
2.3
648
377 933 228
4.5
2.6
6.4
1.6
85
45
100 27
3.1
939
667 1,268 252
6.5
4.6
8.7
1.7
98
95
100
3
3.2
954
709 1,234 244
6.6
4.9
8.5
1.7
98
95
100
3
3.3
645
341 767 205
4.4
2.4
5.3
1.4
98
95
100
3
4.1
674
576 788
97
4.6
4.0
5.4
0.7
98
95
100
3
4.2
754
632 952 139
5.2
4.4
6.6
1.0
99
95
100
3
4.3
733
653 781
57
5.1
4.5
5.4
0.4
100
100 100
0
5.1
558
350 700 154
3.8
2.4
4.8
1.1
100
100 100
0
5.2
712
478 994 226
4.9
3.3
6.9
1.6
100
100 100
0
5.3
711
560 850 120
4.9
3.9
5.9
0.8
100
100 100
0
6.1
800
489 1,141 269
5.5
3.4
7.9
1.9
100
100 100
0
6.2
646
560 750
96
4.5
3.9
5.2
0.7
100
100 100
0
6.3
760
587 938 147
5.2
4.0
6.5
1.0
98
95
100
3
7.1
802
688 948 108
5.5
4.7
6.5
0.7
98
95
100
3
7.2
935
683 1,120 183
6.4
4.7
7.7
1.3
100
100 100
0
7.3
555
318 673 162
3.8
2.2
4.6
1.1
100
100 100
0
8.1
559
509 610
46
3.9
3.5
4.2
0.3
100
100 100
0
8.2
919
616 1,070 206
6.3
4.2
7.4
1.4
98
95
100
3
8.3
415
203 623 190
2.9
1.4
4.3
1.3
69
20
100 37
9.1
733
677 757
38
5.1
4.7
5.2
0.3
100
100 100
0
9.2
444
383 473
41
3.1
2.6
3.3
0.3
95
90
100
4
9.3
777
662 962 134
5.4
4.6
6.6
0.9
100
100 100
0
10.1
607
508 716 105
4.2
3.5
4.9
0.7
100
100 100
0
10.2
742
628 827
83
5.1
4.3
5.7
0.6
99
95
100
3
10.3
698
652 758
52
4.8
4.5
5.2
0.4
95
94
97
1
Min
415
203 473
38
2.9
1.4
3.3
0.3
69
20
97
0
Max
954
709 1,268 354
6.6
4.9
8.7
2.4
100
100 100 37
COV%
19
26
24
56
19.4 26.4 23.6 56.0
7
22
1
0
Total
700
528 868 151
4.8
3.6
6.0
1.0
97
90
100 4.8
Mean
* Min is minimum, Max is the maximum, COV% is coefficient of variance in percent, and SD is
standard deviation.
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4.4

CONCLUSIONS

The study in this chapter used yellow-poplar boards graded NELMA Below Grade to
produce CLT panels. The boards that composed the panels were selected by their static MOE,
and higher values (top 40%) of the population were placed in the outer two layers of the panels.
These panels were evaluated in flatwise bending and bonding evaluations.
The results of cyclic delamination showed delamination above 5% requirement from
ANSI/APA PRG 320-2019 (2020) in 10 out of 30 specimens, mainly in the outer areas of the
panel (nine out of ten specimens with delamination over 5%). The shear block tests showed a
result of an average wood failure of 97% in all the specimens, and 95% of the population had at
least 74.5% of wood failure. These results are similar to Chapter 3, highlighting the stringency of
the parameters in the panel production and the severity in bond line evaluation of cyclic
delamination.
The results of flatwise bending in the major direction showed an average of Fb of 6,682 psi
(46.07 MPa) and MOE of 1.56 x106 psi (10,756 MPa) for the 10 CLT panels tested. The
calculated ASD reference design values results indicated that sorting the boards according to
MOEs with outer layers with at least 1.65 x106 psi (11,376 MPa) and core of at least 1.2x 106 psi
(8,274 MPa) can produce CLT panels that exceed listed Fb ASD values from all stress-rated
layups (E) and MOE only lower than E1 and E4 from ANSI/APA PRG 320-2019 (2020). From
these results, NELMA Below Grade material showed potential to be used in the production of
CLT panels if sorted by MOEs.
The selection of boards based on non-destructive tests appeared to be more feasible than
the NELMA visual grading. This assumption can be made since the boards did not achieve any
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visual structural grade and produced panels stronger in bending strength and elasticity than the
ones tested in Chapter 3 (YP1), panels which the boards were selected based on NELMA grades.
Also, the results and the scanning image analyses showed indications that defects can be
minimized in a CLT panel layup configuration. Further investigation with boards with a broader
range of defects is suggested.
Finally, the implications of these results to the industry are similar to Chapter 3.
Complementary if the industry decides to use low-grade yellow-poplar for CLT panel
production, NDE is a better sorting method than NELMA visual grade. This sorting choice is
based on the bending properties of the panels and raw-material available. Additionally, the most
common limiting defect presented by the Below grade boards was end splits, a defect that may
not interfere with bending flatwise. Therefore, additional tests of the other properties and other
plans are highly recommended.
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5

MECHANICAL PROPERTIES OF CLT PANELS PRODUCED WITH BELOW

GRADE YELLOW-POPLAR STRUCTURAL LUMBER REGRADED BY NONDESTRUCTIVE PROOF LOADING

ABSTRACT
Low-grade yellow-poplar has shown potential to be used in the production of CLT panels based
on the previous results from this research. Specifically, Chapter 4 demonstrated the advantage of
sorting the raw material by the static modulus of elasticity (MOEs), showing the option of using
material that NELMA visual grade would reject. Although the previous study focused on
maximizing the yield of material based on MOEs, the higher MOEs distribution was still not
assessed. In addition, Chapters 3 and 4 did not assess the effects of a board’s defects. Therefore,
the objective of this research was to evaluate the bending properties of CLT panels made from
yellow-poplar lumber selected from the higher 10% of the board’s MOEs distribution (MOEs
greater than 2.0 x106 psi or 13,790 MPa). Additionally, evaluate the effects of NELMA grades in
the panel bending performance. Ten 5-layer full-scale CLT panels were produced with boards
with MOEs above 2.0 x106 psi in the two outer layers. Additionally, the panels were separated
into two groups of five panels that had different NELMA grades in the outer layers. The first
group of five panels had higher NELMA grades (Select Structural and No. 1), while the other
five panels had lower grades (No. 2, No. 3, and Below Grade). For all ten panels, the inner three
layers of all panes were composed of boards graded Below Grade with MOEs between 1.2 x106
psi and 1.65 x106 psi (8,274 MPa and 11,376 MPa). Bond line results of shear block showed an
average of 94% wood failure in all specimens, and 95% of the specimens had at least 50% wood
failure. Cyclic delamination results showed delamination over 5% in 16 out of the 30 specimens.
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The flatwise bending in the major direction test resulted in a Fb of 2,900 psi (20 MPa), 48%
higher than the highest value published in the ANSI/APA PRG 320-2019 (2020) for E and V
layups. The MOE result was 1.69 x106 psi (11,652 MPa), which is only lower than E1 e E4
layups. No statistical difference was found between the two groups tested for higher and lower
NELMA grades. This finding suggests that NELMA visual structural grades may not influence
CLT panels when boards are used flatwise orientation and sorted by MOEs.

5.1

INTRODUCTION

The differences between mechanical properties of boards of visually graded lumber can
be exemplified by the National Design Specifications (NDS) that publishes design values of
material to be used in construction. The values vary considerably between boards. The published
values for bending strength (Fb) and modulus of elasticity (MOE) for each visual grade are
shown in Table 5-1.

Table 5-1: NDS (2018) published design values for yellow-poplar bending properties.
Grade
Fb (psi)
Fb (MPa)
MOE (psi)
MOE (MPa)
Select Structural 1,000
6.89
1,500,000
10,342
No. 1
725
5.00
1,400,000
9,653
No. 2
700
4.83
1,300,000
8,963
No. 3
400
2.76
1,200,000
8,274

These values published by NDS are individual boards properties, and defects in boards
are more determinant in bending strength than in modulus of elasticity. The effects of knots are
higher in Fb parallel to grain and tensile strength and have minor variations in MOE (Green,
2001). Therefore, using the static MOE along the grain to sort boards in structural components
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might not be a sufficient predictor of a board’s strength as the visual grade (defect presence)
should also be addressed.
It is common practice in the industry to place higher strength material in the outer layers
of a composite to improve mechanical performance. For example, Hernandez et al. (1997)
evaluated two different layups to reinforce yellow-poplar Glulam beams with E-rated-fiberreinforced plastic/vinyl ester (GFRP). The reinforcement consisted of reinforcement in the two
outer laminations (i.e., top and bottom layers) and reinforcement in two bottom layers of the
beam. They reported that the reinforcement of the outer layers resulted in higher modulus of
elasticity, while the reinforcement of two bottom layers resulted in higher bending strength. The
results of the previous Chapters (YP1 and YP2) showed CLT panels with bending strength above
standard requirements and modulus of elasticity below standard values. Therefore, based on the
findings of Hernandez et al. (1997), reinforcement in the two outer layers could increase CLT
panels MOE.
The results from Chapter 4 (Section 4.3.1) showed an increase in bending properties
when boards are sorted based on their static MOE (MOEs). The YP2 had a sorting selection
process to maximize raw material yield by using low-grade material. The technique resulted in
an effective method to increase CLT panels' bending properties compared to sorting by visual
structural grade alone. While YP2 panels had higher MOEs boards, these panels did not use
boards with MOEs located within the higher end of the MOEs population distribution. Since the
low-grade yellow-poplar population showed even higher MOEs values available than used in
YP2, these higher MOEs boards could be used to produce CLT panels that potentially have
increased bending properties. Even if this material from a higher strength range is not largely
available in the population, it could still be used to produce custom panels for specific tasks. The
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literature also shows that yellow-poplar with higher values of MOEs had been available and used
before. Moody et al. (1993) reported the use of yellow-poplar rated with MOE of 2.0 x106 psi
(13,790 MPa) to produce Glulam beams. The results in Chapter 2 (Section 2.3.3) showed that
about 10% of the board population had MOEs values above 2.0 x106 psi. As such, even in lowgrade, yellow-poplar appearance lumber (NHLA No. 2A, No. 2B, No. 3A, and No. 3B), there
would be a significant amount of structural lumber with high MOEs values.

5.1.1

Objective and hypotheses

Based on the previous chapters and the reviewed literature, the sorting of boards
according to their MOEs showed potential to increase the mechanical properties of CLT panels
produced from low-grade yellow-poplar. However, the results from Chapter 3 did not address
any influence of visual grade and the effects of defects that are present in the boards on CLT
mechanical properties. Therefore, this research chapter’s objective was to evaluate bending in the
major strength direction of full-scale CLT panels produced from low-grade yellow-poplar boards
with MOEs of at least 2.0 x106 psi (13,790 MPa) in the outer layers of the layup. In addition, the
research evaluated the effects of placing different NELMA grade lumber in the outer layers on
the bending properties of the panels. Specifically, the research compared panels with outer layers
produced using Select Structural and No. 1 lumber versus panels produced using No. 2, No. 3,
and Below Grade lumber.
The hypotheses of this research chapter were:
1) CLT panels produced from yellow-poplar will have adequate bending strength and
modulus of elasticity as layups published in the ANSI/APA PRG 320-2019 (2020).
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Additionally, the CLT panels will present, in the major direction, a Fb and MOE higher
than values from Chapter 4 (YP2) and Chapter 3 (YP1).
2) The CLT panels produced from NELMA higher grades (Select structural and No. 1) and
lower grades (No. 2, No. 3, and Below Grade) will differ in Fb but not in MOE.

5.2

MATERIAL AND METHODS

The boards used in this chapter to produce the panels were from the same population as
the previous chapters. The boards used were all graded NHLA No. 2A, No. 2B, No. 3A, and No.
3B. The two outer layers of the panels consisted of boards with static MOE of 2.0 x106 psi
(13,789 MPa), and the core 3-layers were non-structural boards according to the NELMA
rulebook with static MOE between 1.2 and 1.65 x106 psi (8,274 and 11,376 MPa). The core
layup (3 inner laminations) was the same as Chapter 4 (Section 4.2.1), boards graded Below
grade according to NELMA grade and a MOEs between 1.2 x106 psi and 1.65 x106 psi. This
choice of core allowed for evaluating the effects of differing lumber visual grades in the outer
layer. The ten panels were divided into two groups according to their NELMA grades. The first
group, YP3.1, used boards with NELMA grades No. 2, No. 3, and Below Grade. The other five
panels, called YP3.2, used boards graded Select Structural and No. 1. The panel’s layup from
this chapter is shown in Figure 5-1.
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Figure 5-1: Representation of the CLT panel YP3 layup.

The methods used to obtain these board properties were the same as the methods
described in the previous chapters. Even considering the results of cyclic delamination in the
previous layups (YP1 and YP2), to allow comparison and to evaluate the effects of the layups
changes, the production methods were maintained the same as Chapter 3 and 4. The testing
methods and analyzes of this chapter were similar to those in Chapter 3. The statistical analysis
in this chapter was different since there are three treatments to be compared (YP1, YP2, and
YP3). Initially, an ANOVA test was utilized, but since H0 was rejected (p-value < 0.05), a Tukey
HSD test was performed to differentiate the treatments bending MOE and Fb.
Additionally, in this chapter, correlation tables were developed to perform a final
evaluation for all 30 panels presented in this dissertation. These correlations were made between
the panels Fb and MOE and the board's average properties from previously shown areas of the
panels (layers and positions presented in Chapter 4, (Section 4.2.2). These correlation coefficient
results are expected to help understand what board properties influence the bending properties of
the CLT panels. The statistical analysis was conducted on Rstudio (R Core team, 2020; Rstudio,
2020) and Microsoft Excel (Microsoft Corporation, 2018), with a confidence level of 5%
(α=0.05).
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5.3

5.3.1

RESULTS AND DISCUSSION

Bending evaluations

Flatwise bending results of the two groups (YP3.1 and YP3.2) of panels from this chapter
are shown in Table 5-2 and Table 5-3. T Load versus deflection graphs is shown in Figure 7-3 of
the Appendix.

Table 5-2: Results of the bending test for YP3.1 test specimens.
Fb
MOE
Ultimate Load
YP3
6
ID#
lbs
kN
psi
Mpa
10 psi
Mpa
YP3-1
N/A
N/A
N/A
N/A
N/A
N/A
YP3-2

9,674

43.0

6,504

44.84

1.79

12,342

YP3-3

10,221

45.5

6,728

46.39

1.63

11,238

YP3-4

11,034

49.1

7,282

50.21

1.65

11,376

YP3-5

11,910

53.0

7,924

54.63

1.61

11,101

Failure mode
N/A
Cross-grain Tension
+ Horizontal Shear
Cross-grain Tension
+ Simple Tension
Cross-grain Tension
+ Simple Tension
Cross-grain Tension
+ Simple Tension

Mean
10,710 47.64
7,110 49.02
1.67
11,514
Min
9,674 43.03
6,504 44.84
1.61
11,101
Max
11,910 52.98
7,924 54.63
1.79
12,342
5th perc
9,756 43.40
6,538 45.08
1.61
11,121
ST.DEV.
976
4.34
633.9 4.37
0.08
563
COV (%)
9.11
8.92
4.89
Where: 1.000.000 psi = 6895 MPa; COV is the coefficient of variance.
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Table 5-3: Results of the bending test for YP3.2 test specimens.
Ultimate Load
Fb
MOE
YP3
Failure mode
6
ID#
lbs
kN
psi
Mpa
10 psi Mpa
YP3-6
12,216 54.3
8,278 57.07
1.76 12,135
Simple Tension
YP3-7
10,666 47.4
7,248 49.97
1.64 11,307 Cross-grain Tension
YP3-8
10,471 46.6
7,116 49.06
1.71 11,790
Simple Tension
YP3-9
10,386 46.2
6,906 47.62
1.65 11,376
Simple Tension
YP3-10
11,024 49.0
7,409 51.08
1.69 11,652
Simple Tension
Mean
10,953 48.72
7,391 50.96
1.69 11,652
Min
10,386 46.20
6,906 47.62
1.64 11,307
Max
12,216 54.34
8,278 57.07
1.76 12,135
5th perc
10,403 46.27
6,948 47.90
1.64 11,321
ST.DEV. 747.7 3.33
528.8 3.65
0.05
334
COV (%)
6.83
7.15
2.87
Where: 1.000.000 psi = 6895 MPa; COV is the coefficient of variance.

During the bending test of panel YP3-1, the Instron Universal Testing Machine UTM had
an error of communication and collection between the machine stations. The test was stopped
before failure and not characterized as a standardized test and removed from the statistical
analyses.
The results of the ANOVA tests indicated that there was no statistically significant
difference in the average MOE (p-value = 0.66, n = 9) and Fb (p-value = 0.49, n = 9) results
between the two groups of panels (YP3-2 to YP3-5 versus YP3-6 to YP3-10). Additional
statistical test details are provided in Table 7-7 and Table 7-8 of the Appendix. Therefore, for the
remaining of this research, the ten panels produced in this chapter’s layup were grouped into
layup YP3 for the subsequent analyzes. The panels had the same selection of boards based on
their static MOE, and the main difference between panels was the visual grades. Since the
bending results did not differ statistically, that indicates that the defects present in boards from
NELMA grades No. 2, No. 3, and Below Grade do not affect the bending results of a CLT panel.
From severe defects from Below Grade material to Select Structural relatively clear grain, none
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of the mechanical differences were found to be statistically significant during the bending tests.
This result could still be linked to the information from Chapter 2 (Section 2.3.1) where the most
common defect in BG boards were splits and that these splits did not appear to influence the
bending results of CLT panels significantly.
From the literature, Green (2001) reported that knots cause a higher variation on Fb than
MOE. Furthermore, a knot with a diameter of 0.197 inches (5 mm) can reduce the lumber Fb up
to 20% depending on knot location (Smith et al., 2003). A difference of 0.25 inches (6.3 mm) in
unsound knots is what separates NELMA No.1 and No.2, a knot size higher than described by
Smith et al. (2003). An explanation of these similar results between different NELMA grades
results can be found in the composite nature of CLT panels, where adjacent layers can maintain
the structure of a defect in place, minimizing boards individual defects in a large structural
component.
The calculations of the properties are also shown in Table 5-4 and the equations below.
The theoretical effective bending stiffness and effective bending strength were calculated and
shown in Table 5-5, as well as the experimental results. The theoretical bending strength could
not be calculated due to the lack of published Fb from NELMA Below Grade, the lower grade
between boards. The difference between calculated and experimental values is given due to,
among other reasons, the safety coefficients that are applied to the theoretical values and that the
theoretical calculation does minimize the effect of minor direction forces.
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Table 5-4: Effective bending stiffness calculations.
Layer
E
z
(Ebh3)/12
Eaz2
6
2
2
(10 lbf/in )
(in)
(lbf-in )
(lbf-in2)
1
2.00
1.50
0.844
40.5
2
0.04
0.75
0.017
0.2025
3
1.20
0
0.506
0
4
0.04
0.75
0.017
0.2025
5
2.00
1.50
0.844
40.5
Total
Where: b is 12 inches, h is 0.75 inches.
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Where: “b” is 12 inches and “d” are 3.75 inches.

Table 5-5: The theoretical and experimental results from the yellow-poplar CLT panels.
Bending properties
Theoretical value
Experimental value
EIeff (106 lbf-in2/ft of width)

83.6

88.59

FbSeff (lbf-ft/ft of width)

n/a

6,786

Where: EIeff is effective bending stiffness and FbSeff is effective bending strength.

Since YP3.1 and YP3.2 bending results of MOE and Fb did not result in a statistically
significant difference in average, the calculation of ASD values of MOE and Fb was based on the
whole set of 9 panels. Table 5‑6 presents the characteristic values of the current chapter grouped
results, called YP3. The table also shows the values of layups from Chapter 3, Chapter 4, and
ANSI/APA PRG 320-2019 (2020).
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Table 5-6: Characteristic values of tested layup, prior layup, and the published standard layups.
MOE
Layups Fb (psi)
Longitudinal layers
Transverse layers
(106 psi)
YP3
2,900
1.68
YP E>2e*
BG; 1.2e>E>1.65e*
YP2
2,329
1.56
Below Grade; E> 1.65e*
BG; 1.2e>E>1.65e*
YP1
1,718
1.39
No. 2 Yellow Poplar (YP)
No. 3 YP
V1
900
1.6
No. 2 Douglas fir Larch (DFL)
No. 3 DFL
V1(N)
850
1.6
No. 2 Douglas Fir-Larch North
No. 3 DFL North
V2
875
1.4
No. 1-2 Spruce-pine-fir (SPF)
No. 3 SPF
V3
750
1.4
No. 2 Southern Pine
No. 3 SP
V4
775
1.1
No. 2 SPF South
No. 3 SPF South
V5
850
1.3
No. 2 Hem-fir (HF)
No. 3 HF
E1
1,950
1.7
1950f-1.7E SPF
No. 3 SPF
E2
1,650
1.5
1650f-1.5E DL
No. 3 DL
1200f-1.2E Eastern, Northern,
No. 3 ENWS
E3
1,200
1.2
Western softwoods (ENWS)
E4
1,950
1.7
1950f-1.7E SP
No. 3 SP
E5
1,650
1.5
1650f-1.5E HF
No. 3 HF
Fb is characteristic bending strength, MOE is Modulus of Elasticity, e is x106 psi. BG is Below
Grade

The Fb value of YP3 is 48% higher (2,900 psi or 19.99 MPa) than the stronger layup from
ANSI/APA PRG 320-2019 (2020), and MOE values matched the higher values from the
standard (1.68 x106 psi or 11,583 MPa). Compared to Chapters 3 and 4, the Fb was 68% and 24%
higher than YP1 and YP2, and the Eb was slightly higher. The Fb values showed statistically
significant difference between YP3 and Chapters 3 and 4 (p-value < 0.05, n = 29 more details in
Table 7-11 and Table 7-12). The MOE values of YP3 differed from YP1 but did not show
statistically significant difference between from YP2 (p-value < 0.05, n = 29, more details in
Table 7-9 and Table 7-10).
Using ASTM D1990 (ASTM, 2019) to adjust panels properties from 6.2% to 12%
moisture content would result in a MOE reduction of 8.3%, 1.55 x106 psi (10,687 MPa), while Fb
would be adjusted to 2,796 psi (19.28 MPa).
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The coefficient of variance of this set of panels was 4% and 8% for MOE and Fb,
respectively. As stated in Chapter 4 results (Section 4.3.1), a low variance in building elements
remove unexpected variability making CLT panels making a more reliable and safe construction
material. Also, the last set of panels (YP2) had a coefficient of variance in Fb of 13%, while the
first set (YP1) had a COV of 17%. These differences in COV between panels can be the result of
a lower range of material used in the outer layers, while YP1 showed lumber with static MOE
from the whole range of the distribution, YP2 and YP3 showed only the top 40% and 10%,
respectively, which can explain the low variations. Another effect that a low standard deviation
(used to calculate the coefficient of variance) caused is that it directly affected the PTL values
used to calculate Fb. The lower the population's standard deviation, the higher will be her PTL.
This low standard deviation contributed to the YP3 higher result of this research, with 2,900 psi
(19.99 MPa).
To summarize the research results, an analysis of variance of all layups is shown in Table
7-9 and Table 7-11 of the Appendix for MOE and Fb results, respectively. Additionally, Tukey
HSD tests are presented to highlight the differences between layups, for MOE results in Table
7-10 Error! Reference source not found.and Fb in Table 7-12 of the Appendix. To visually
present the bending results of the layups from this research, boxplot graphs are presented. The
results are in Figure 5-2 for Fb and in Figure 5-3 for MOE.
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Figure 5-2: Boxplot graphic of the Fb (psi) results of the three layups tested in this research.

Figure 5-3: Boxplot graphic of the MOE results of the three layups tested in this research.

In comparison to Chapters 3 and 4, the average results of Fb from YP3 showed
statistically significant difference from YP1 but did not differ from YP2. Alternatively, the
panels’ MOE differed significantly in average between the three layups tested in this research.
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While reinforcing Glulam beams with fiberglass, Hernandez et al. (1997) found that
increasing the two outer layers would increase MOE, while reinforcing the two bottom layers
would increase bending strength. If the layup changes from YP2 and YP3 were considered
reinforcements of the two outer layers, this research result is consistent with Hernandez et al.
(1997) findings.
In this research, a total of 30 panels were manufactured and produced 29 bending results
in the major strength direction. A correlation table was created to predict board properties that
influenced the panels bending Fb and MOE in major strength direction from these data. The
board information positions are the same as in Chapter 4 (Section 4.2.2), and the correlation
coefficient of each position and property to the panels' bending properties are shown in Table
5‑7.
Table 5-7: Correlation coefficient values between boards properties in different layers and panels
bending properties (N = 29).
Board properties
Positions
MOE (p-value)
Fb (p-value)
Dynamic MOE
avg
0.59* (0.001)
0.67* (<0.001)
2bot
0.49* (0.007)
0.58* (0.001)
2ex
0.69*(<0.001)
0.70* (<0.001)
bot
0.69*(<0.001)
0.63* (<0.001)
all
0.40 (0.032)
0.54* (0.002)
Static MOE
avg
0.56* (0.002)
0.58* (0.001)
2bot
0.41 (0.028)
0.38 (0.042)
2ex
0.71* (<0.001)
0.66* (<0.001)
bot
0.71*(<0.001)
0.57* (0.001)
all
0.20 (0.298)
0.39 (0.036)
Specific Gravity
avg
0.58* (0.001)
0.69* (<0.001)
2bot
0.54* (0.002)
0.61* (<0.001)
2ex
0.62*(<0.001)
0.70* (<0.001)
bot
0.63*(<0.001)
0.65* (<0.001)
all
0.46 (0.012)
0.61* (<0.001)
Where: “avg” is the average of the major direction layers of the panel; “2ex” is the average of the
2 external layers; “2bot” is the average of the 2 bottom major direction layers of the panel; “Bot”
is the average of the bottom layer of the panel; “all” is the average of the whole panel. The “*”
represents p-values between 0 and 0.01.
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Table 5-7 demonstrates that the positions which better correlate to MOE are the averages
of the two external layers (2ex) and the bottom layer (bot), and the property with the higher
correlation is static MOE. The Fb property correlates better with the average board property of
the two external layers, and dynamic MOE and SG are good properties to predict its value. In
general, the mechanical properties of the panels correlate better with the boards’ average
properties of the bottom layers and two external layers. Therefore, these are the laminations or
positions that should be used to model the bending properties of CLT panels based on the
average lamination property of the composing boards.
These similar correlation values of SG to MOEs and MOEd can be explained by the fact
the later properties use lumber density and specific gravity in their calculations, respectively. The
dynamic MOE was calculated using the same SG used in the correlation, while the static MOE
used the apparent density of the boards, which was the lumber's density at a moisture content of
around 6%. Therefore, SG has a direct correlation between the MOE properties and consequently
to the properties they are being compared to. Although MOEs and MOEd use more parameters in
comparison, they can be considered more precise in that analysis than specific gravity since more
parameters are being used in the correlation.
It was possible to calculate the correlation between average boards properties and
bending results using the 29 panels’ bending tests. Either the specific gravity, dynamic MOE, or
static MOE from the boards could be used to estimate the panel MOE and Fb. From the positions
evaluated, the average of the lumber mentioned properties in the two outer layers of the panels
seems to be the better area to use to predict panel bending properties in the major direction.
Figure 5‑4 the DIC results of panel YP3-8 for tension (major strain). Different stages of
the test are being presented with the intention to show the capabilities and limitations of this
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analyzing tool. In Figure 5‑4 “a” it is possible to notice the strains being built in the center areas
(yellow and red) areas, followed by a partial failure in Figure 5‑4 “b”. The images indicate that
majority of the partial failure was shear across the second layer. Without the DIC system, this
information would be difficult to be obtained.
Although, the DIC system also showed some limitations. The camera system tracks
deformation across different stages but is limited to the capturing area of the cameras and in a
test of a full-scale panel like performed in this research, which entails difficulties. In the setup
made for the bending tests, the Instron UTM machine supports blocked the capturing area, and
the center area was limited to about 1/5 of the total testing area. Also, in some instances, the
panels had their bending failure outside the captured area, limiting the analyzes. To remediate
this issue, an option would be to bring the cameras further from the specimens increasing the
target area, but this approach would reduce precision in the captured area. Another issue noticed
in the analyses is shown in Figure 5-4 “c”. When the panel had a partial failure, which is
common in wood composites, the deformation becomes too high between frames and the system
cannot track the pixel movement. Without the tracking of the pixels by the cameras the area
affected stop being measured. A way to remediate this loss of tracking would be to decrease the
time between frames. Finally, the DIC system showed potential to track and identify failure
modes in flatwise bending tests.
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Figure 5-4: Panel 8 DIC results of major strain (tension) deflection in four different DIC stages.
a) frame before first failure; b) frame after first failure; c) frame before final failure; and d) fame
after final failure.
The scale used in this figure is percentage of movement in the Y direction.

Figure 5-5 shows the bottom face of panels YP3-3 and YP3-10. The Figure also shows
the difference between defects present in the boards used to produce the panels. Panel YP3-3
bottom layer had a board BG and No. 2, while YP3-10 had boards SS and No. 1, even though
there was no statistically significant difference in the bending results of the group of panels.
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These results corroborate the other findings from Chapter 4 (Section 4.3.1), which indicates that
visual grades are not as decisive in CLT bending results as in individual boards.

Figure 5-5: The scanning results of panels YP3-3 and YP3-10 before failure.

5.3.2

Bonding Evaluations

Table 5-8Error! Reference source not found. presents the results from cyclic
delamination of the ten YP3 panels. Table 5-9 presents the shear block results of YP3 panels.
The cyclic delamination test showed more delamination than the previous layups, as nine out of
the ten panels had specimens with delamination percentage above 5%. In total, 16 out of the 30
tested specimens had delamination higher than the minimum requirement of 5%. The average
cyclic delamination percentage of the positions was 12.4%, 1.3%, and 14.6% for positions 1, 2,
and 3, respectively. The ANOVA test showed a statistically significant difference in average
cyclic delamination percentage between positions 1, 2, and 3 (p-value = 0.0096, n = 30). More
details of these statistics are shown in Table 7-3 an
Table 7-4 in the appendix. The Tukey HSD test showed a statistically significant
difference between position 2 and positions 1 and 3. No statistically significant difference was
found within the three delamination positions in the panels from layup YP1 (p-value = 0.06, n =
30) and YP2 (p-value = 0.13, n = 30), suggesting there are more issues with YP3 bonding
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quality. Although when comparing all delamination specimens between layups (YP1, YP2 and
YP3) no statistical difference was found in average (p-value = 0.099, n = 90).

Table 5-8: Cyclic delamination results of layup YP3.
YP3 Mean (%) Minimum (%) Maximum (%) St. Dev. (%)
1.1
31*
0
100
42
1.2
1
0
17
4
1.3
13*
0
79
25
2.1
12*
0
100
26
2.2
0
0
0
0
2.3
38*
0
100
40
3.1
3
0
50
12
3.2
0
0
0
0
3.3
21*
0
100
33
4.1
10*
0
76
25
4.2
2
0
34
9
4.3
15*
0
100
34
5.1
25*
0
100
34
5.2
0
0
0
0
5.3
5
0
46
15
6.1
2
0
26
7
6.2
0
0
0
0
6.3
7*
0
49
15
7.1
0
0
0
0
7.2
0
0
0
0
7.3
1
0
17
4
8.1
1
0
11
3
8.2
0
0
0
0
8.3
14*
0
71
23
9.1
31*
0
100
44
9.2
10*
0
93
28
9.3
8*
0
79
20
10.1
10*
0
100
27
10.2
0
0
0
0
10.3
24*
0
100
40
Where: *represents specimens that did not achieve the minimum 5% delamination failure.

In this set of panels, the results of bonding showed more delamination than in YP1 and
YP2 panels (Sections 3.3.2 and 4.3.2). The number of specimens that showed delamination
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above 5% from the 30 specimens of each treatment was 11 (YP1), 10 (YP2), and 16 (YP3). The
panel production followed the same methods as the other panels, although this last panel
manufacturing occurred at a separate time. The first two sets of panels were made consecutively
(within three days), YP2 followed by YP1, and after these two sets of panels were tested, they
provided feedback for the planning of the last set of panels layup (YP3) made about five months
later. These panels were made in the same laboratory, so these environmental influences were
minimal or expected in facilities without air humidity control.
The delamination percentage requirement of 5% is from ANSI/APA PRG 320-2019
(2020) and applied on softwoods. This research used this value on a hardwood CLT because the
standard does not present hardwoods requirements. The cyclic delamination test is an evaluation
that simulates accelerated exposure of the specimen, and softwoods and hardwoods can present
different outcomes. For example, in the current North American standard ANSI/AITC A190.12007, the requirement for cyclic delamination of Glulam beams produced with hardwoods is 8%.
Possibly with the addition of hardwoods in the PRG the delamination percentage requirement
can be updated, and if so, the results of this research would change.
Another possible issue that could have caused this bonding variation between panels is
knife wear within moulder used to surface the boards. The moulder set up at the beginning of the
research was found to have a thickness variation of fewer than 0.008 inches (0.2 mm) across the
board width and 0.012 inches (0.3 mm) across the board length, as specified in ANSI/APA PRG
320-2019 (2020). The period of a year passed between the first and last panel made, and the
sharpness of the blade and equipment tolerances could have changed in this period. Given this
potential issue, future work should specifically evaluate variation in surfacing immediately
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before panel production to assure the tolerances are in line with the requirement specified in
ANSI/APA PRG 320-2019 (2020).
The shear block results in Table 5-9 showed that the panels had average delamination
above the ANSI/APA PRG 320-2019 (2020) requirements. Although, this set of panels had a
wood failure of 50% in 95% of the specimens, less than the 60% required by the standard. In an
analysis of wood failure by position, position 3 was the only position where 95% of the
population were under 60% wood failure, with 47%. The other positions had 80% and 72%, for
positions 1 and 2, respectively. A similar occurrence to the cyclic delamination results, where
only one specimen from position 3 had delamination under 5%, for comparison, position 1 and 2
showed 4 and 9 delamination results under 5%, respectively. These bonding issues located on a
distinct position in the panel suggest the problem with parameters control in the production,
which highlights the importance of precise manufacturing methods.
In this layup, for the first time in this research, a cyclic delamination result of over 5%
was found in a center sample, and the shear test showed a wood failure above standard
requirement. Even with the same methods as previous layups, these results were found. These
bonding issues were not detected during the bending tests, but the poorly bonding results indicate
that the bending properties could be even better than recorded.
Finally, the results were lower than both previous chapters and probably are results of
lack of machine maintenance. This kind of issue would be minimized in an industrial setup,
where machine maintenance and parameters are constantly controlled. These results are evidence
of the limitations of conducting the production of massive timber elements on a laboratory scale
and how these results would likely improve in an industrial setup.
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Table 5-9: Shear block results from layup YP3.
YP3
Shear Strength (psi)
Shear Strength (psi)
Wood Failure (%)
ID#
Mean Min Max SD
Mean Min Max SD
Mean Min Max SD
1.1
824 550 1,071 239
5.7
3.8
7.4
1.6
99
95 100
3
1.2
761
64 1,271 514
5.2
0.4
8.8
3.5
74
20 100
38
1.3
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
2.1
654 561 778
94
4.5
3.9
5.4
0.6
81
50 100
24
2.2
711 586 844 108
4.9
4.0
5.8
0.7
100 100 100
0
2.3
853 753 1,022 120
5.9
5.2
7.0
0.8
99
95 100
3
3.1
795 593 1,020 177
5.5
4.1
7.0
1.2
99
95 100
3
3.2
792 694 945 108
5.5
4.8
6.5
0.7
100 100 100
0
3.3
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
4.1
766 496 1,111 261
5.3
3.4
7.7
1.8
99
95 100
3
4.2
997 797 1,159 182
6.9
5.5
8.0
1.3
99
95 100
3
4.3
549 403 798 187
3.8
2.8
5.5
1.3
76
50
95
23
5.1
794 745 840
46
5.5
5.1
5.8
0.3
98
95 100
3
5.3
2.8
7.6
2.2
80
20 100
40
5.2
767 404 1,105 325
5.3
537 424 720 130
3.7
2.9
5.0
0.9
74
45 100
30
6.1
603 514 783 124
4.2
3.5
5.4
0.9
98
90 100
5
6.2
580 257 808 268
4.0
1.8
5.6
1.8
100 100 100
0
6.3
736 593 868 112
5.1
4.1
6.0
0.8
99
95 100
3
7.1
503 431 594
74
3.5
3.0
4.1
0.5
100 100 100
0
7.2
635 522 727
88
4.4
3.6
5.0
0.6
100 100 100
0
7.3
679 425 966 222
4.7
2.9
6.7
1.5
98
90 100
5
8.1
538 401 635 105
3.7
2.8
4.4
0.7
99
95 100
3
8.2
823 763 902
58
5.7
5.3
6.2
0.4
99
95 100
3
8.3
675 588 785
92
4.7
4.1
5.4
0.6
80
30 100
34
9.1
766 339 1,087 312
5.3
2.3
7.5
2.2
93
80 100
10
9.2
538 449 604
69
3.7
3.1
4.2
0.5
100 100 100
0
9.3
715 542 797 117
4.9
3.7
5.5
0.8
100 100 100
0
10.1
774 692 896
97
5.3
4.8
6.2
0.7
99
95 100
3
10.2
582 457 705 101
4.0
3.2
4.9
0.7
100 100 100
0
10.3
682 483 845 150
4.7
3.3
5.8
1.0
84
45 100
26
Min
503
64
594
46
3.5
0.4
4.1
0.3
74
20
95
0
Max
997 797 1,271 514
6.9
5.5
8.8
3.5
100 100 100
40
COV%
17
31
20
64
16.9 31.3 19.7 64.4
10
33
1
0
Total
701 519 882 160
4.8
3.6
6.1
1.1
94
81 100
9
Mean
Where: Min is minimum, Max is the maximum, COV% is coefficient of variance in percent, and
SD is standard deviation, N/A is not available - from specimens that fell apart during cutting.
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5.4

CONCLUSIONS

From the production and testing of CLT panels produced from NHLA low-grade yellowpoplar sorted by static MOE of at least 2.0 x106 psi or 13,789 MPa (outer layers) and different
NELMA grades, the following conclusions were made:
Results of cyclic delamination showed delamination above the 5% requirement in
specimens of 9 out of 10 panels, more specifically in 16 out of the 30 specimens. Delamination
problems were found mainly in the outer areas of the panels. The shear block test showed a wood
failure average of 94% among all specimens and a wood failure of 50% in at least 95% of the
specimens. These shear block results were below the standard requirements of 80% average
wood failure and 60% in at least 95% of the specimens. Although different from the other set of
panels, unsatisfactory bonding results appeared consistently on one side of the panels, indicating
production issues related to press mechanical problems, probably the result of overuse.
Flatwise bending test results showed an average Fb of 7,266 psi (50.1 MPa) and an average
MOE of 1.68 x106 psi (9,550 MPa) in the major direction. The calculated ASD reference design
values results indicated that this chapter layup could produce CLT panels with Fb above
ANSI/APA PRG 320-2019 (2020) published ASD for all layups, and the MOE that only did not
surpass layups E1 and E4. These Fb and MOE values also surpassed the previous layups (YP1
and YP2), which exemplified the effects of outer layer sorting in panels with the same core.
The ten panels produced were divided into, high NELMA grades (SS and No. 1) and low
NELMA grades (No. 2, No. 3, and BG). No statistical difference was found in the bending
results between these two layups, which means that the NELMA grades used were not a
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restricting factor to bending in the major strength direction of CLT panel produced from boards
with static MOE of 2.0 x106 psi (13,789 MPa) or above.
A good correlation between boards specific gravity, static MOE, and dynamic MOE was
found to panel bending strength and modulus of elasticity. Specifically, the average of those
properties on the outer layers of the panel. These properties and layers seemed to be a potential
good predictor of a CLT panels' MOE and Fb in the major strength direction.
Finally, the implications of these results to the industry are similar to Chapters 3 and 4.
More mechanical tests and different planes should be tested conditionally to add low-grade
yellow-poplar to the current standard in any of the layups tested in this research. This chapter
layup highlighted the effectiveness of sorting based on NDE, considering all NELMA visual
grades were used; and the potential of yellow-poplar since this layup presented wood failure
issues and still performed above the ANSI/APA PRG 320-2019 (2020) layups, thus in ideal
bonding conditions the results could be even higher.
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6

RESEARCH SUMMARY AND FINAL CONSIDERATIONS

This research aimed to assess the potential to produce CLT panels made from
Appalachian hardwoods. A wood mill survey was conducted, and the results indicated that the
wood with the highest potential was low-grade yellow-poplar (NHLA No. 2A and below) due to
its availability. Initially, population characteristics were collected from this low-value and lowgrade yellow-poplar, using NELMA visual structural grade and proof loading evaluations to
obtain board static MOE. From this population of boards, CLT panel layups were designed and
manufactured, starting from standard recommendations based on visual grading from ANSI/APA
PRG 320-2019 (2020) and later manufacturing and testing panels with selected MOEs boards in
outer layers. The main findings of the research are summarized as:
(1) A population of 1,192 yellow-poplar boards graded NHLA No. 2 and No. 3
Commons were processed, graded according to NHLA and NELMA rules, and tested in NDE, to
be used in the production of CLT panels. The processing (surfaced four sides) of the boards, to
prepare them to produce CLT panels, caused them to change their initial visual grade on both
visual grades significantly. The boards final NELMA grades were: 12% Select Structural; 7%
No. 1; 19% No. 2; 18% No. 3; 45% Below Grade. In the same population, 96.6% of the boards
had a minimum of 1.2x106 psi of bending MOEs.
(2) To evaluate the performance of yellow-poplar in CLT panels, they were tested in
flatwise bending in the major strength direction and bonding evaluations (shear block and cyclic
delamination). To initially validate low-grade yellow-poplar, a standard layup for softwoods
published by ANSI/APA PRG 320-2019 (2020) was used, where boards visually graded
NELMA No. 2 and No. 3 were used, in parallel and perpendicular layers, respectively. An
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adhesive EPI was used to bond the panels based on satisfactory results when bonding
preliminary tests, but some variation was found during full-scale production. The mechanical
results of these panels were 90% stronger in Fb (1,718 psi or 11.85 MPa) than all published ASD
V layups from ANSI/APA PRG 320-2019 (2020), and the MOE (1.39 x106 psi or 9,550 MPa)
surpassed layups V4 and V5. These results showed the potential of low-grade yellow-poplar to
be used in the production of CLT panels.
(3) The mechanical evaluation of the boards showed that more low-grade yellow-poplar
boards could be used in CLT production than estimated from visual grading when MSR values
were developed and used to determine individual MOE values since more boards achieved a
minimum MOEs 1.2 x106 psi (8,274 MPa) than achieved NELMA grade No. 3. To test the
feasibility of the mechanical evaluation, only boards graded Below Grade were used to produce
CLT panels, representing the worst outcome from the visual grades. The distribution of bending
MOEs in the panel was based on the layup of five-layer panels, where the two outer layers had
1.65 x106 psi (11,376 MPa), while the three-inner layers had MOEs between 1.2 x106 psi and
1.65 x106 psi. This layup (YP2), when compared to ANSI/APA PRG 320-2019 (2020) stressrated layups, these panels showed Fb (2,329 psi or 16.06 MPa) 19% higher than the higher layup
and a MOE (1.56 x106 psi or 10,756 MPa) that surpassed layups E2, E3, and E5. This layup
produced bending results stronger than the yellow-poplar panels sorted by structural visual
grades from Chapter 3 (YP1). These results indicate that defect presence in individual bords
might be minimized by the composite nature of CLT panels.
(4) After sorting Below Grade yellow-poplar to produce CLT panels with bending
strength in the major direction that exceeds standard layups, a similar sorting was used to test the
effects of using the higher MOEs distribution from low NHLA grade yellow-poplar. Panels were
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produced with the higher 10% of static MOE (2.0 x106 psi or 13,789 MPa) in the two outer
layers. Boards NELMA Below Grade with MOEs between 1.2 x106 psi and 1.65 x106 psi were
used in the core three layers of the panels. These core layups were used to directly compare the
effects of changing outer layers between layups YP2 and YP3. Also, to test the effects of
NELMA visual grade influences in a layup and consequently defect presence, the ten panels
were divided into two groups, differing in their NELMA grade. Five panels had NELMA grades
No. 2, No. 3, and BG, and five panels had NELMA grades SS and No. 1. The bending results in
the major strength direction of the two subgroups of this layup had no statistically significant
difference in Fb or MOE, so the lower grades were grouped for the subsequential analyzes. This
last layup was then called YP3. The YP3 layup showed Fb (2,900 psi or 20 MPa) 48% higher
than the ANSI/APA PRG 320-2019 (2020) stronger layups and MOE (1.68 x106 psi or 11,583
MPa) only lower to layups E1 and E4. In comparison to Chapters 3 and 4, YP3 average results
showed statistically significant difference from YP1 (p-value = 0.001, n = 19) and YP2 (p-value
= 0.02, n = 19) in bending MOE; and the average Fb results showed statistically significant
difference to YP1 (p-value = 0.001, n = 19) but not to YP2 (p-value = 0.291, n = 29). These
results indicate that the modulus of elasticity in CLT panels can be improved by reinforcing the
two outer layers. In addition, the average specific gravity, static MOE, and dynamic MOE from
the two outer layers showed correlation coefficients that qualify these properties as good
predictors of panel bending properties.
The bonding results of the panels showed the challenges of CLT panels production. The
adhesive and the species were tested in preliminary results performed in small-scale specimens,
5-layers 1 feet square (929 cm2) panels. These specimens met the ANSI/APA PRG 320-2019
(2020) requirements for cyclic delamination, and since this is a stricter test than shear block, it
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was assumed that they would meet the bond line requirements in full-scale panels. Although, the
results from the full-scale CLT panels were not in accordance with ANSI/APA PRG 320-2019
(2020) requirements. These unanticipated bond line issues are conjectured to be results of lack of
parameters controls (pressure) and machinery overuse, which could have caused uneven pressure
through the press plates and/or uneven thickness of boards. There was an indication of potential
knife wear from one set of panels to the next, as layup YP1 and YP2 performed better than later
layup (YP3) in bond line evaluations. These bond line results and the presented issues highlight
the necessity of parameters controls in CLT panels production.
The production methods applied in this research was based on and limited by the
laboratory condition available for the panel production. Making this massive timber panel on a
laboratory scale was proven challenging, and the cyclic delamination results reflected that. The
panels were pressed for 6 hours and rested overnight in this research. Although in an industrial
setup, with enough machinery and complementary staff, the production methods are limited by
the adhesive requirements. The adhesive is certified to cure over a one-hour pressing, and no
resting time is required. So, this is the production time expected to produce these panels with this
EPI adhesive.
Regarding the mechanical properties of yellow-poplar, the literature review states the
probably restricting properties (weaker in comparison to softwoods) would be compression and
modulus of elasticity. This research focused on bending properties and did not test compression,
which could be studied in future studies. The modulus of elasticity in bending showed values
within published standard layups. In Glulam production, a sorting technique used to improve the
modulus of elasticity is to use higher MOE boards or even other species to improve beam MOE.
This technique seemed to improve bending MOE in the layups tested in this research. However,
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if even further MOE improvement is required in yellow-poplar CLT panels, other species could
be used as reinforcement in the outer laminations of the panel. This option could be the topic of
future studies, mixing species with yellow-poplar CLT panels. The bending strength tested
surpassed the layups presented in the standard. Additionally, the layup YP3 presented the higher
Fb values, this layup also presented wood failure above standard requirement, showing that the
property could even be higher in ideal bonding conditions. These results only highlight the
yellow-poplar strengths, especially considering that only boards NHLA 2A and below were used.
The correlation analysis showed that bending properties of bending strength and modulus
of elasticity correlated to the bottom lamination and the two outer laminations. This information
could be used in future studies to model panels according to the average properties of the boards.
This technique could be used to achieve several objectives by the industry, i.e., custom panels
production or estimation of the CLT panels production based on the available boards.
Based on the findings from this research, the wood products industry can take these
results as an indication of the potential of low-grade yellow-poplar to produce CLT panels.
Currently, under the ANSI/APA PRG 320-2019 (2020) standard, only certain softwood species
can be used to make CLT panels (and engineered wood products), and for yellow-poplar to be
added to this list, more tests should be done. This research focused on evaluating the
performance in bending of panels produced from low-grade material. Based on the bending
results, it was found that low-grade yellow-poplar can be used to manufacture these panels.
Additionally, the performance of CLT panels in bending can increase by sorting and placement
of rated material in the outer layers of the panels. Although conditionally to the addition to
ANSI/APA PRG 320-2019 (2020) standard, CLT panels made from yellow-poplar must be
tested in the other mechanical properties and other planes (minor direction). Therefore, as for

151

recommendations for future studies to perform other mechanical tests from ANSI/APA PRG
320-2019 (2020) in yellow-poplar CLT panels, such as shear, planar shear (rolling shear),
compression, and tension. Additionally, to test these properties and bending in the minor
direction.
The industrial impact of adding another species into the North American standard will
increase available raw material for the production of CLT panels. In addition, wood species
prices vary according to the market, and usually, these price fluctuations are carried to the wood
products. By providing more options and diversifying the raw material, the wood products could
be less affected by species prices variation. This option would make CLT panels less dependent
on a single species group. Since, if a particular species prices fluctuate, the production can shift
to another more feasible species (source of raw material). In addition, the inclusion of yellowpoplar to the ANSI/APA PRG 320-2019 (2020) will result in an even larger supply of one of the
currently most available species in the Appalachian region, which can boost the production in the
region, resulting in demand to export the species or even generating incentives to attract
investment to produce CLT panels in local plants.
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7

APPENDIX

Figure 7-1: Load versus deflection graph from bending tests of YP1 panels.
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Figure 7-2: Load versus deflection graph from bending tests of YP2 panels.
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Figure 7-3: Load versus deflection graph from bending tests of YP3 panels.
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Table 7-1: ANOVA comparison between YP1 Cyclic delamination results per position.
Source of Variation
SS
df
MS
F
F crit p-value
Between Groups
0.030
2
0.015 3.060 3.354 0.063
Within Groups
0.131
27
0.005
Total
0.161
29
Groups
Count Average
P.1
10
0.0956
P.2
10
0.0185
P.3
10
0.0598

Table 7-2: ANOVA comparison between YP2 Cyclic delamination results per position.
Source of Variation
SS
df
MS
F
F crit p-value
Between Groups
0.018
2
0.009 2.070 3.354 0.146
Within Groups
0.115
27
0.004
Total
0.133
29
Groups
Count Average
P.1
10
0.0637
P.2
10
0.0146
P.3
10
0.0681

Table 7-3: ANOVA comparison between YP3 Cyclic delamination results per position.
Source of Variation
SS
df
MS
F
F crit p-value
Between Groups
0.102
2
0.051 5.551 3.354 0.010
Within Groups
0.248
27
0.009
Total
0.350
29
Groups
Count Average
P.1
10
0.1242a
P.2
10
0.0134b
P.3
10
0.1468a
Table 7-4: Tukey test results of YP3 Cyclic delamination within panel’s positions.
Pairs p-value inference
1 x 2 0.038
* p<0.05
1 x 3 0.871
No statistically significant difference
2 x 3 0.012
* p<0.05
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Table 7-5: Fb ANOVA comparison between YP1 and YP2
SS
df
MS
F
F crit p-value
Source of Variation
Between Groups
4950781.353 1 4950781 5.8238 4.4139 0.0267
Within Groups
1.53E+07
18 850090
Total
20252406
19

Table 7-6: MOE Anova comparison between YP1 and YP2.
SS
df
MS
F
F crit p-value
Source of Variation
0.1548 1 0.1548 13.8177 4.4139 0.0016
Between Groups
0.2016 18 0.0112
Within Groups
0.3564 19
Total

Table 7-7: ANOVA comparison of MOE results between YP3 groups YP3.1 and YP3.2.
Source of Variation
SS
df
MS
F
F crit p-value
Between Groups
0.0008 1 0.0008 0.1831 5.5914 0.6815
Within Groups
0.0311 7 0.0044
Total
0.0319 8

Table 7-8: ANOVA comparison of Fb results between YP3 groups YP3.1 and YP3.2.
Source of Variation
SS
df
MS
F
F crit p-value
Between Groups
177449 1 177449 0.5350 5.5914 0.4883
Within Groups
2321847 7 331692
Total
2499295 8

Table 7-9: ANOVA comparison of MOE results between YP1, YP2, and YP3.
SS
df
MS
F
F crit
p-value
Source of Variation
Between Groups
0.424
2
0.212 23.598 3.369 1.43 x10-6
Within Groups
0.234
26
0.009
Total
0.658
28
Groups
Count Averages
YP1
10
1.39 x106 c
YP2
10
1.56 x106 b
YP3
9
1.68 x106 a
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Table 7-10: Tukey test results of MOE results between YP1, YP2, and YP3.
Pairs
p-value
inference
YP1 x YP2 0.0010511 ** p<0.01
YP1 x YP3 0.0010053 ** p<0.01
YP2 x YP3 0.0277618 * p<0.05

Table 7-11: ANOVA comparison of Fb results between YP1, YP2, and YP3.
Source of Variation
SS
df
MS
F
F crit p-value
Between Groups
1.22E+07
2
6105420 8.918 3.369 0.001
Within Groups
1.78E+07
26
684651
Total
3.00E+07
28
Groups
Count
Averages
YP1
10
5,687b
YP2
10
6,682a
YP3
9
7,266a

Table 7-12: Tukey test results of Fb results between YP1, YP2, and YP3.
Pairs p-value
inference
1 x 2 0.0319666 * p<0.05
1 x 3 0.0010053 ** p<0.01
2 x 3 0.291382 No statistically significant difference
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